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Abstract

The current rise of antimicrobial resistant pathogens threatens human health and global food security,
underscoring the urgent need for new antimicrobial drugs. Bioactive natural products have been a
continuous source of inspiration for the development of new pharmaceuticals and agrochemicals for
decades. Fungi are enormously rich in biodiversity, prolific producers of natural products, and pose a
treasure trove of untapped chemical diversity. Many species encode numerous natural product
biosynthetic gene clusters (BGCs), most of which remain uncharacterized and are merely waiting to be
unlocked. Therefore, fungi hold great promise as a source for the discovery of new bioactive molecules.

To this end, the present thesis aimed to discover bioactive natural products from fungi and uncover how
they are biosynthesized. Therefore, various fungi were analyzed for the production of antimicrobial or
otherwise bioactive natural products, resulting in the isolation of four target compounds that were
investigated. These were acrophialocinol produced by Acrophialophora levis, allantofuranone produced
by Allantophomopsis lycopodina, pleosporacin produced by Pleosporales sp., and saintopin produced
by Paecilomyces marquandii. Allantofuranone and saintopin had previously been described, whereas
acrophialocinol and pleosporacin are newly reported natural products. While acrophialocinol exhibits
broad antifungal activity against a variety of fungal pathogens, pleosporacin selectively inhibits the
phytopathogen Botrytis cinerea at a concentration as low as 3.2 yM. Saintopin and allantofuranone had
previously been reported to exhibit topoisomerase I/l inhibitory and mild antifungal activity, respectively.
BGCs presumably involved in the biosynthesis of these natural products (namely: acr, alf, ple, and stp)
were identified from the genomes of the producing organisms by genome mining. Heterologous
reconstitution of the biosynthetic genes in Asperqgillus oryzae successfully allowed for the elucidation of
all their biosynthetic pathways. Furthermore, it was shown that the RTA1-like protein encoded in the acr
BGC mediated self-resistance towards the produced compounds, representing a new type of self-
resistance enzyme. Additionally, combinatorial biosynthesis was applied to the allantofuranone
biosynthetic pathway, successfully yielding hydroxylated derivatives, including some new natural
products.

These findings provide a basis for the further investigation of the reported natural products as potential
drug leads and fundamentally contribute to our understanding of how natural products are
biosynthesized. The discovery of a new type of self-resistance enzyme might be useful in identifying a
new mode of action for antifungal drugs, while simultaneously enabling the targeted discovery of
bioactive natural products exerting this effect. Moreover, the findings display how combinatorial
biosynthesis can be applied to expand the natural chemical diversity and derive new (non-)natural
products.



Zusammenfassung

Der aktuelle Anstieg Antibiotika-resistenter Pathogene gefahrdet sowohl die menschliche Gesundheit
sowie die globale Nahrungssicherung und unterstreicht den dringenden Bedarf an neuen Wirkstoffen.
Bioaktive Naturstoffe sind schon seit Jahrzehnten eine stetige Quelle der Inspiration zur Entwicklung
neuer Pharmazeutika und Agrochemikalien. Pilze zeichnen sich durch eine aulierordentliche
Biodiversitat aus und sind effiziente Produzenten verschiedenster Naturstoffe. Viele Pilzarten verfiigen
Uber eine Vielzahl von Biosynthesegenclustern (BGCs) fiir Naturstoffe, von denen die meisten bislang
uncharakterisiert sind und darauf warten, erforscht und zuganglich gemacht zu werden. lhre genetische
und biochemische Vielfalt macht sie zu einer Schatzkammer bislang unerschlossener chemischer
Diversitat und bietet ein enormes Potenzial fiir die Entdeckung neuer bioaktiver Substanzen.

Vor diesem Hintergrund verfolgte die vorgelegte Thesis das Ziel, neue bioaktive Naturstoffe aus Pilzen
zu entdecken sowie deren Biosynthese aufzuklaren. Hierzu wurden verschiedene Pilze auf deren
Produktion antimikrobieller oder anderweitig bioaktiver Naturstoffe analysiert. Daraus resultierte die
Isolation von vier Zielmolekilen, welche weiter untersucht wurden. Es handelt sich dabei um
Acrophialocinol aus Acrophialophora levis, Allantofuranon aus Allantophomopsis lycopodina,
Pleosporacin aus Pleosporales sp., sowie Saintopin aus Paecilomyces marquandii. Allantofuranon und
Saintopin wurden bereits zuvor beschrieben, wohingegen Acrophialocinol und Pleosporacin neue
Naturstoffe darstellen. Wahrend Acrophialocinol eine breite antifungische Aktivitdt gegen verschiedene
pathogene Pilze aufweist, inhibiert Pleosporacin selektiv den phytopathogenen Pilz Botrytis cinerea ab
einer Konzentration von bereits 3,2 uM. Uber Saintopin und Allantofuranon wurde bereits zuvor
berichtet, dass sie eine Topoisomerase |/ll-inhibitorische Wirkung bzw. leicht antifungische Aktivitat
besitzen. Mit Hilfe von genome mining konnten BGCs (namentlich: acr, alf, ple und sip) identifiziert
werden, welche vermutlich an der Biosynthese dieser Naturstoffe beteiligt sind. Die heterologe
Rekonstitution der jeweiligen Biosynthesegene in Aspergillus oryzae erlaubte die erfolgreiche
Aufklarung aller Biosynthesewege. Darliber hinaus konnte gezeigt werden, dass ein RTA1-ahnliches
Protein, welches im acr BGC kodiert ist, Selbstresistenz gegeniiber den produzierten Naturstoffen
vermittelt. Weiterhin konnten durch die gezielte Manipulation der Allantofuranon Biosynthese-
maschinerie neue hydroxylierte Derivate gewonnen werden, wovon einige neue Naturstoffe darstellen.

Die gewonnenen Erkenntnisse legen den Grundstein zur weiteren Erforschung der berichteten
Naturstoffe als potenzielle Wirkstoffkandidaten und tragen fundamental zu unserem Verstandnis von
Naturstoffbiosynthesen bei. Die Entdeckung eines neuen Selbstresistenz-vermittelnden Enzyms konnte
kiinftig niitzlich zur Identifizierung eines neuen Wirkungsmechanismus sein und ermdglicht gleichzeitig
die gezielte Entdeckung bioaktiver Stoffe mit dieser Wirkweise. AulRerdem demonstrieren die
Ergebnisse, wie kombinatorische Biosynthese genutzt werden kann, um die natlrliche chemische
Diversitat zu erweitern und neue Naturstoffe zu produzieren.



Introduction

Bioactive Fungal Natural Products as a Source for Drug Leads

The kingdom of Fungi represents a branch in the domain of the Eukarya that is enormously rich in
biodiversity, currently being estimated to encompass 2.2—3.8 million species, merely ~3-8 % of which
have been described to date!!l. Due to their vast metabolic capacity, fungi excel at the utilization of
complex substratesl?, and can conquer even harsh ecological niches®l. They do not only greatly
contribute to the decomposition of dead organic mattert*, but also engage in a plethora of symbiotic and
pathogenic interactionst®"3l. Fungi harbor significant economic value!*¥, and are industrially exploited
for the production of foods, beverages, organic acids, proteins, enzymes, vitamins, pharmaceuticals,
and morel*4-1!,

The ecological and metabolic diversity of fungi is also mirrored by their remarkable ability to produce
structurally and functionally diverse natural products, also known as specialized or secondary
metabolites (SMs)['7'8l. While they are mostly dispensable for growth and reproduction, they are closely
intertwined with development and crucial for the interaction with the environment and other
organismsl'”'8. One of the most famous examples of a fungal SM is penicillin, an antibiotic first isolated
by Alexander Fleming in 19281, which revolutionized the treatment of bacterial infections. Indeed,
many fungi produce SMs with antimicrobial activity to outcompete other microbes for nutrients in their
ecological nichel?%21l. The function of fungal natural products is, however, not limited to inflicting harm,
but they are also used for defensel??23, communication®?*2%, nutrient acquisition/?®?”l and protection
against environmental stressors[?®l, amongst others.

The concurrent rise of antimicrobial resistant bacterial and fungal pathogens worldwide poses a major
threat to human health and global food security that urgently demands solutions?®-33. Indeed, natural
products have long provided antimicrobial agents and been a source for drug leads for decades due to
their structural and functional diversity®*. While some natural products are employed natively (e.g.,
penicillin), others are semi-synthetically modified (e.g., anidulafungin based on echinocandin B®%) or
inspire the design of fully synthetic analogues (e.g., kresoxim-methyl based on strobilurin AB®l). One
recent example is the siderophore-type fungal natural product ASP2397, first isolated in 201771, This
compound exhibits potent antifungal activity and has already advanced into clinical trials for treatment
of invasive Aspergillosis®-%8. Simultaneously, natural products also hold promise to treat other, non-
infectious diseases such as coronary heart diseasel®, cancer“®! and Alzheimer’s diseasel'l. Finding
cures for these maladies is of great interest to the general public, and therefore, the discovery of new
bioactive natural products is of significant importance.

Basic Logic of Fungal Natural Product Biosynthesis

Natural products can be categorized into distinct classes based on their chemical structure and
biosynthetic origin, such as polyketides, non-ribosomal peptides, and terpenes. They are mostly derived
from common central metabolites such as amino acids and acyl-CoAs. The main scaffold of a natural
product is usually synthesized by a dedicated core enzyme. The initial intermediate is then modified by
auxiliary tailoring enzymes that catalyze various transformations“? ranging from simple redox
reactions™®? to complex molecular rearrangementsi*4. Genes encoding enzymes involved in the
biosynthesis of a given natural product are most frequently colocalized in fungal genomes in so-called
biosynthetic gene clusters (BGCs)!*!. Aside from biosynthetic enzymes, such BGCs can also encode
transporters for substrates or products, enzymes conferring self-resistance towards toxic products, and
cluster-specific regulators. The number of BGCs encoded in fungal genomes varies substantially
between different genera, ranging from very few to more than 100 per genome, with an average of ~30
BGCs!*647l. Great progress has been made in the last decades linking BGCs to their respective natural
products, nonetheless, there is still a big discrepancy between the amount of BGCs encoded in fungal
genomes and the natural products isolated from fungi. For instance, even in the model ascomycete
Aspergillus nidulans, over half of the BGCs encoded are still uncharacterized and their products



unknown!“®!. Therefore, it can be assumed that fungi still hold great potential for the discovery of new
natural products and are a source not yet exhausted.

— Polyketides —
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Figure 1: Chemical structures of exemplary fungal polyketides.

Polyketides are a diverse and abundant class of natural products, including many bioactive compounds
such as lovastatin*®l, strobilurin A%, aflatoxin B1®" and phomenoic acid®® (Figure 1). They are
synthesized by dedicated polyketide synthases (PKSs) that catalyze the repeated decarboxylative
Claisen condensation of activated acyl-units to facilitate the assembly of the carbon backbone. Fungal
genomes predominantly encode iterative type | PKSs (henceforth referred to as PKS), monomodular,
multidomain enzymes that catalyze multiple rounds of chain elongation. They are structurally and
functionally related to metazoan fatty acid synthases (mFAS) and share a common domain
architecture®™. In contrast to mFAS, however, PKS do not necessarily produce fully saturated products.
Instead, they produce a wide variety of compounds whose structural diversity arises from incomplete
reduction of the nascent intermediate during elongation cycles. This is caused by the absence or
dysfunction of certain reductive domains, as well as by programmed domain skipping®*=¢. PKSs are
composed of a minimal set of a ketosynthase (KS) domain, acyl-carrier protein (ACP) domain, and
acyltransferase (AT) domain, which collectively orchestrate the elongation of the polyketide backbone
(Figure 2)>*%°, First, a starter unit, most commonly acetyl-CoA, is loaded onto the KS domain. Next, the
AT domain catalyzes transfer of an extender unit, most commonly malonyl-CoA, onto the ACP domain.
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Figure 2: Polyketide chain elongation. Adapted from Hertweck, 20091541,



Subsequently, the KS domain facilitates the decarboxylative Claisen condensation of the KS- and ACP-
bound acyl-units, thereby extending the carbon backbone by a C: unit. After any tailoring by additional
domains, the bound intermediate is re-transferred to the KS domain for a subsequent catalytic cycle!>*%5!,
This is repeated until the nascent polyketide is off-loaded from the assembly line by an intrinsic off-
loading domain or trans-acting releasing enzyme. Product release can occur through a variety of
different mechanisms, commonly by hydrolysis or (macro-)cyclization®®”). Based on the presence of
optional reductive domains, PKSs are distinguished into non-reducing (nr), partially reducing, and highly
reducing (hr) types. hrPKS contain a full set of reductive domains, namely a ketoreductase (KR) domain,
a dehydratase (DH) domain, and an enoyl reductase (ER) domain, that facilitate the sequential reduction
of the B-ketone to saturation. All PKS types can optionally harbor a C-methyltransferase (CMeT) domain
that can methylate the Ca prior to the action of the KR domain and encompass an intrinsic off-loading
domain such as a thioesterase (TE) domain, reductase (R) domain, or carnitine acyltransferase (cAT)"®
domain. Recently, a stereochemical rule has been proposed for the CMeT, KR, and ER domains of
PKSs that allows the prediction of the absolute configuration of polyketides, although exceptions do
existl2. nrPKS produce aromatic compounds that derive from the cyclization of the nascent, non-
reduced poly-B-ketone. They lack all reductive domains but additionally encompass a starter acyl
transferase (SAT) domain®® and a product template (PT) domain'®®. The SAT domain selects and loads
the starter unit in nrPKS and allows for higher substrate flexibility, although it is not necessarily required
in all nrPKS®Y, nrPKS more often than hrPKS load unusual starter units such as, e.g., hexanoic acid in
the biosynthesis of the aflatoxin precursor norsolorinic acid® or even other polyketides, as in the
biosynthesis of resorcylic acid lactones!®®. These substrates are often directly transferred from the FAS
or PKS synthesizing them. The PT domain prefolds the nascent polyketide and facilitates the cyclization
thereof via aldol cycloaddition. The chain length of polyketides is predominantly determined by the KS
domain in nrPKS systems!¢4%3, but polyketide homologation is majorly affected by tailoring domains and
collaborating enzymes in both nrPKS and hrPKS systems!®*%?l. The programming of hrPKS is not yet
fully understood, but believed to be determined by the substrate selectivity of a given domain and the
competition of different domains for the ACP-bound substrate>>¢7),

— Non-Ribosomal Peptides —
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Figure 3: Chemical structures of exemplary fungal NRPs.

Non-ribosomal peptides (NRPs) are another major class of natural products, including diverse bioactive
compounds such as penicillin GI"%, echinocandin B!, fumiquinazoline A2, and aspirochlorinel3!
(Figure 3). They are synthesized by dedicated non-ribosomal peptide synthetases (NRPSs),
multimodular enzymes that facilitate the condensation of proteinogenic and non-proteinogenic amino
acids as well as some hydroxy acids¥. Canonical NRPS modules (M) are composed of an
adenylation (A) domain, a thiolation (T; also: peptidyl carrier protein, PCP) domain, and a condensation
(C) domain. The A domain loads the substrate onto the prosthetic phosphopantetheinyl (PPT) moiety of
the T domain. The C domain then facilitates condensation of two adjacent T-bound substrates to form
either a peptide or ester bond (Figure 4). Modules can additionally contain optional domains:
Epimerization (E) domains catalyze L- to D- stereoinversion of the bound substrate prior to condensation,



whereas N-methyltransferase (NMeT) domains methylate the amine of the bound substrate. NRPSs can
also include an additional terminal domain for product-offloading, such as an R domain, a TE domain,
or a terminal Cr domain. Release frequently occurs via either hydrolysis, lactonization, lactamization, or
Dieckmann cyclizationt>”7!,

Mn Mn+1 Mn Mn+1

A T (o] A T Cc A T Cc A T Cc

§ §
$§ § _ §H §
<
H,N H,N H,N  HN
Figure 4: Scheme of non-ribosomal peptide formation.

In contrast to canonical NRPS, NRPS-like enzymes harbor only a single module and lack a C domain.
They can be subdivided into reducing and non-reducing types. Reducing NRPS-like enzymes harbor a
terminal R domain (A-T-R) and catalyze the reduction of the activated substrate. They frequently act as
reductive tailoring enzymes!’, but can also facilitate the formation of dihydropyrazine or pyrazinone
natural products via the spontaneous dimerization of reduction-derived amino aldehydes!”’-°. Non-
reducing NRPS-like enzymes harbor a terminal TE domain (A-T-TE) and catalyze the condensation of
two aromatic a-keto acids, resulting in the formation of various cyclic products, including
benzoquinones!®-22, furanones!®-#%, and dioxolanones®® (Figure 5).
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Figure 5: Substrate and product scope of non-reducing NRPS-like enzymes. Taken from Wieder et al., 2025871,

— Terpenes and Miscellaneous Natural Product Classes —

Besides polyketides and NRPs, terpenes are another major class of natural products with very vast
structural diversity, including bioactive compounds such as pleuromutilin®®, deoxynivalenol®,
aspterric acid® and clavaric acid®! (Figure 6). Terpenes are derived from the isoprenoid blocks
dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP), which are synthesized in
fungi via the mevalonate pathway from acetyl-CoA®2. Multiple isoprenoid units are first fused by
prenyltransferases to produce precursors of different chain lengths, which are then cyclized by terpene
cyclases (TCs) via a cationic cascade kickstarted by either dephosphorylation (class | TCs) or
protonation (class Il TCs) of the substrate and finally terminated by deprotonation or hydration®?l,
Whereas class Il TCs mostly produce head-to-tail cyclized products, including various sterols, class |
TCs can produce a plethora of complex carbon scaffolds facilitated through complex cyclizations and
molecular rearrangements.
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Figure 6: Chemical structures of exemplary fungal terpenes.

Moreover, hybrid natural products composed of different chemical classes frequently occur. These
include polyketide-NRP hybrids such as tenellin®® and aspcandinel®, polyketide-terpene hybrids such
as ascochlorin[™® or NRP-terpene hybrids such as aculene A® (Figure 7). They are either synthesized
by collaborating enzymes/pathways or by chimeric enzymes that harbor both PKS and NRPS domains.
The latter can be subdivided into PKS-NRPS hybrids and NRPS-PKS hybrids based on the order of the
domains, the latter of which are encountered more rarely in fungal genomes.

Tenellin Aspcandine Ascochlorin Aculene A

Figure 7: Chemical structures of exemplary fungal hybrid natural products. Polyketide (blue), NRP (red) and terpene
(magenta) moieties are highlighted in different colors.

Furthermore, peptide natural products can also be synthesized by enzymes other than NRPS.
Ribosomally synthesized and post-translationally modified peptides (RiPPs) are derived from precursor
peptides encoded in the genome via proteolytic cleavage, with modifications occurring before or after
release of the core peptidel®®l. Arginine-containing cyclodipeptides (RCDPs) are a recently discovered
class of peptide natural products that are synthesized by RCDP synthases (RCDPS), a previously
unknown enzyme class that utilizes aminoacyl-tRNAs as substrates®”!. Furthermore, only recently ATP-
grasp enzymes and amide bond synthases have been described to be involved in the biosynthesis of
fungal peptide natural products®®®®?l. Beyond these, there are, however, many further natural product
classes, e.g., various indole-containing compounds such as tryptamines (e.g. psilocybin)l'%! or ergot
alkaloids (e.g. lysergic acid)l'® that are synthesized from tryptophan, and isocyanides (e.g.
xanthocillin)l'%2 synthesized from amino acids by dedicated isocyanide synthases (ICS). Even now, new
natural product classes and biosynthetic routes are still discovered, as many non-canonical enzymes
and BGCs have previously been overlooked by genome mining algorithms!®7:98.102-1051 nraveling these
hidden treasures holds great promise to further expand the diversity of natural products and the
biosynthetically accessible chemical space.

Strategies for Discovering Fungal Natural Products and Uncovering their
Biosynthesis

Natural products can be extracted from fungal cultures using organic solvents, isolated using
chromatographic techniques, and their structures elucidated using analytical chemistry. Simple variation
of fermentation parameters can yield various natural products even from a single species, a technique
commonly referred to as the OSMAC (one strain, many compounds) approach(*®!, In that manner, many
natural products have been isolated from many fungal species to date. Coupling this fermentation-based
approach with bioactivity assays can help prioritize natural products possessing desired activities. Based



on the choice of assay, one may screen for antimicrobial compounds or even compounds that bind to a
specific target protein. Bioactivity-guided isolation has, for instance, been successfully employed to
identify penicillic acid as a probe against Alzheimer’s disease associated tau aggregation(*!.

Unfortunately, the likelihood of discovering new chemistry using a simple fermentation-based approach
is slowly declining as more natural products are being reported. This is not because the biosynthetic
capacity of fungi is exhausted, but instead because only few natural products are produced under
laboratory conditions!'%7:1%81 As the production of SMs is highly energy-intensive and their function is
often very specific, it is not feasible or beneficial for a fungus to produce its entire repertoire of SMs at
all times. Instead, SM production is tightly regulated through the action of both global and specific
regulators in response to environmental stimulil'”-'8, and the respective stimuli might not be given under
laboratory conditions. BGCs whose natural products are not observed are referred to as silent. The
seemingly limited number of natural products produced under laboratory conditions has brought upon
the increasing issue of rediscovering previously identified compounds instead of new ones when
investigating the composition of fungal extracts. It should, however, also be noted that fermentation and
bioactivity-guided approaches are slightly biased towards compounds produced in larger quantities, as
trace compounds might elude the detection by common analytical tools, i.e. HPLC-MS or bioassays and
are difficult to purify in sufficient amounts for structure elucidation. Molecular networking has emerged
as a powerful tool for analyzing tandem mass spectrometry (MS?) data to dereplicate natural products,
making use of spectral libraries such as the GNPSI®! This enables fast identification of known,
deposited natural products in a complex extract without the need for isolation and structure elucidation,
which in turn helps to target unknown metabolites. Moreover, microcrystal electron diffraction (microED)
has recently been successfully employed to solve natural product crystal structures from crude extracts,
enabling elucidation of new metabolites from nanogram quantities!*10111,

The discovery of new natural products is increasingly reliant on targeted genetic manipulation, with a
focus on accessing cryptic BGCs whose products remain unknownl'%112 To this end, both genetic
manipulation of native organisms and transfer of genetic material into heterologous hosts have been
employed successfully many times. Genome mining efforts are usually prefaced by the prediction of all
BGCs in an annotated genome using elaborate bioinformatic tools such as antiSMASH!! or
FunBGCeX[%4, One can then search these predicted BGCs for a target BGC involved in the
biosynthesis of a previously identified natural product based on chemical cues and biosynthetic logic
(top-down forward genetic approach) or pick candidate BGCs for activation or heterologous
reconstitution based on desired features (bottom-up reverse genetic approach). The activation of silent
BGCs can be achieved by overexpression, deletion or refactoring of global or cluster-specific regulators
and biosynthetic genes!''“-20. CRISPR-mediated transcriptional activation (CRISPRa) has also been
successfully used in this context!'?'l. Furthermore, employing engineered hybrid transcription factors
(composed of a native DNA-binding domain fused to a strong transcriptional activator) has proven
helpful in cases where overexpression of a native transcription factor did not lead to sufficient
transcriptional activation!'?2'2% The successful activation of a silent BGC results in the production of
one or more new metabolites, which become apparent by comparison with the parental strain and can
subsequently be isolated and characterized. A limitation in working with native organisms is their
amenability to genetic manipulation. As many fungi are not at all or only poorly amenable to genetic
manipulation, heterologous expression poses a convenient and powerful alternative. Various
filamentous fungi have successfully been established as chassis hosts for heterologous reconstitution
of natural product biosynthetic pathways. Aspergillus species such as A. nidulans'*?¥, A. oryzael#®1?°]
and A. niger'?® are amongst the most widely used model hosts, but various other genera such as
Trichoderma*?’!, Penicillium™*?®!, and Fusarium'*2°13% are also being used. Similar to the activation in a
native host, reconstitution of BGCs in a heterologous host usually requires refactoring of either all
biosynthetic genes or a contained cluster specific transcription factor that regulates expression of the
other BGC genes. In order to elucidate the biosynthetic pathway of a natural product, the individual
transformations and order of reactions catalyzed by the implied enzymes have to be characterized. This
can be achieved by either deleting single genes from a BGC or reconstituting a BGC one enzyme at a
time, resulting in the accumulation of biosynthetic intermediates, based on which the biosynthetic route



can be proposed. This is frequently complemented by probing single enzymatic transformations in vitro,
especially for more intricate reactions. Besides genome mining, combinatorial biosynthesis strategies
can also be employed to access new chemical diversity*3!. In this regard, every new biosynthetic
enzyme and pathway characterized broadens the possibilities for the rational (re-)design of new
(non-)natural products.

While genome mining is an efficient strategy to uncover new natural products, it is more laborious than
classic screening approaches, and the obtained natural products might not exhibit bioactive properties
at all. However, self-resistance enzyme (SRE)-guided genome mining has recently emerged as a very
powerful approach to identify BGCs that encode bioactive natural products!'®2. Logically, organisms that
produce bioactive substances they would themselves be susceptible to, e.g., fungi producing antifungal
compounds, must employ some type of self-resistance to prevent autotoxicity. For instance, toxic
molecules are frequently modified enzymatically to render them inactive. Moreover, BGCs do
occasionally encode a duplicate of an essential housekeeping gene that is resistant to the bioactive
product encoded by that BGC. This can be used to selectively search for BGCs that potentially encode
natural products targeting a specific protein and has already been successfully employed to identify
various bioactive natural productsl®®'33-13 The recently introduced application FUNRARTS facilitates
SRE-guided genome mining efforts by searching genomes for duplications of essential genes and
known resistance-conferring enzymes in the vicinity of predicted BGCs.

Studying biosynthetic pathways, however, comes with a few challenges. Firstly, heterologous
expression of solely a core biosynthetic gene, such as a PKS or NRPS, is frequently not sufficient for
metabolite production, as additional enzymes might be required for formation of the initial product. Such
enzymes might facilitate substrate loading®27".'41l, introduce on-line modifications!'4?, catalyze product
releasel'*>-14% or produce a non-physiological precursor for the core biosynthetic enzymel”:%4, This
complicates the process of sequentially reconstituting a BGC, as all required enzymes need to be
identified first, which might only be achieved by trial-and-error probing. Furthermore, the boundaries of
a BGC are not readily apparent, and the bioinformatic predictions might not always be correct. Even
then, not all genes located within a BGC do necessarily act in the biosynthetic pathway. Conversely,
genes that are only annotated as hypothetical proteins or lack any conclusive sequence homologies
might still be catalytically relevant to the biosynthesis®’l. Although encountered only infrequently, BGCs
can also be split across the genome!'“8l, Functional reconstitution of a BGC might moreover require the
coexpression of transporter!47.1481 or resistance genes. Lastly, but very importantly, although this is only
very rarely addressed publicly, not all BGCs are necessarily (fully) functional even when successfully
activated or reconstituted*”!. This can be due to one or more enzymes being dysfunctional, thereby
terminating a biosynthetic pathway early or entirely preventing the formation of any product. In a recent
study, complete heterologous reconstitution of the octacyclin A BGC initially only resulted in production
of the first biosynthetic intermediate, as the second enzyme was dysfunctional. Only upon
replacement of the dysfunctional enzyme with a functional homolog of a similar biosynthetic pathway
did the heterologous expression result in the production of the final product octacyclin A.

Research Objective and Scope

The present thesis aimed to discover new fungal natural products with a focus on antifungal or otherwise
bioactive compounds and elucidate their biosynthetic pathways. Fungi pose a treasure trove of new
chemistry, and their repertoire has not yet been exhausted, as is evidenced by the discrepancy between
the abundance of genomically encoded BGCs and the comparably few metabolites produced. We are
only starting to look past long-standing paradigms, and therefore, these are exciting times for the fungal
natural product community. The identification of new bioactive molecules is crucial for the development
of new drugs, especially for combating emergent antimicrobial resistant pathogens. Natural products
have been a major inspiration for drug development in the past and will continue to be in the future.
Furthermore, elucidation of biosynthetic pathways and characterization of implicated enzymes
catalyzing new reactions deepens our understanding of how nature orchestrates the assembly of these
small yet meticulous molecules. This not only expands the biologically tractable chemical space but
enables us to transfer this knowledge to other biosynthetic pathways, exploit it for synthetic biology,
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biotechnology, and biocatalysis applications, and even manipulate pathways to create new-to-nature
“designer compounds”.

Allantophomopsis lycopodina Paecilomyces marquandii

Acrophialophora levis Pleosporales sp.

Figure 8: Fungal species investigated in the present thesis. Morphology on agar plates.
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Figure 9: Bioactive fungal natural products investigated in the present thesis.

To this end, bioactive compounds of four different fungi of the phylum Ascomycota were studied
(Figures 8 and 9). Acrophialocin(-ol) and pleosporacin were identified from Acrophialophora levis and
Pleosporales sp., respectively, based on their potent antifungal activity. Whereas acrophialocin and
acrophialocinol are broadly active with promising anti-Candida activity (MIC 2.5 pg/mL), pleosporacin,
in contrast selectively inhibits the plant pathogen B. cinerea. While their exact mechanisms of action
remain unclear, these compounds make interesting candidates for further investigation as potential drug
leads. Saintopin was rediscovered as the purple colorant of Paecilomyces marquandii conidia and was
previously reported to exhibit potent topoisomerase I/Il inhibitory activity. Although it was overlooked for
some time, this study provides a foundation for its scalable production and further research on saintopin
as a potential anticancer lead. Lastly, the mildly antifungal agent allantofuranone produced by
Allantophomopsis lycopodina was investigated for its uniquely substituted furanone scaffold, the
biosynthesis of which has hitherto been elusive.
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Candidate BGCs for all the aforementioned compounds were identified by genome mining based on
structural cues, and the biosynthetic pathways were elucidated by reconstitution of the respective
biosynthetic genes in the heterologous host Aspergillus oryzae. This enabled characterization of the
biosynthetic intermediates and offered insight into how these compounds are synthesized. Intriguingly,
the study of the acrophialocinol BGC additionally revealed a new type of self-resistance enzyme, an
RTA1-like protein, which confers resistance to the toxic products of the BGC. Beyond that, the
allantofuranone biosynthetic machinery was successfully manipulated (combinatorial biosynthesis) to
synthesize some new-to-nature hydroxylated derivatives.
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Summary of Included Publications

The publications included in the present thesis address the identification, characterization, and
biosynthesis of bioactive natural products isolated from fungi of the phylum Ascomycota. Each
publication separately addresses one or more compounds of a different species.

The first publication reports the bioactivity-guided discovery of the new polyhydroxy-polyketides
acrophialocin and acrophialocinol produced by Acrophialophora levis that exhibit potent antifungal
activity against various plant and human pathogens. Heterologous reconstitution of the biosynthetic
genes acrA-F enabled the elucidation of their biosynthetic pathway. The polyketide backbone is
synthesized by the PKS AcrA, the truncated didomain NRPS AcrC and the trans-acting enoyl-reductase
AcrB, resulting in production of the intermediate pre-acrophialocin. Subsequently, the biosynthetic
pathway branches with either the CYP450 AcrE catalyzing hydroxylation of the p-methyl-group or the
a-ketoglutarate-dependent dioxygenase AcrF catalyzing hydroxylation of the a-carbon of pre-
acrophialocin, resulting in the production of either malaysic acid or acrophialocin. Finally, the
biosynthetic pathway reconverges by the action of AcrF or AcrE to yield acrophialocinol. Intriguingly, the
tertiary alcohol moiety introduced by AcrF seems to be crucial for antifungal activity, as the non-
containing compounds exhibit reduced antifungal activity. The RTA1-like protein AcrD encoded in the
acr BGC was shown to confer resistance to these toxic compounds, posing a new type of self-resistance
that can potentially be harnessed for self-resistance enzyme-guided genome mining in the future.

The second publication reports the biosynthesis of the previously identified natural product
allantofuranone, which exhibits mild to moderate antifungal activity towards some species. It was
previously postulated that allantofuranone derives from the benzoquinone polyporic acid. Genome-
mining of the producer Allantophomopsis lycopodina led to the identification of a candidate NRPS-like
enzyme BGC. Heterologous expression of the NRPS-like coding gene alfA indeed resulted in production
of polyporic acid. Subsequent reconstitution of the other biosynthetic genes allowed for full elucidation
of the allantofuranone biosynthetic pathway. In brief, polyporic acid is reductively dehydrated by the
bifunctional enzyme AIfC, methylated by AIfD and finally oxidatively cleaved and rearranged by the
dioxygenase AlfB to produce allantofuranone. In an effort to expand the biologically tractable chemical
space and potentially improve the bioactivity of allantofuranone and its biosynthetic intermediates, a
combinatorial biosynthesis approach was applied to the biosynthetic pathway. To this end, polyporic
acid was substituted for either ascocorynin or atromentin, mono- and dihydroxylated congeners of
polyporic acid, by coexpression of the monooxygenase-coding gene AsMO6277 or replacement of AIfA
with the atromentin synthase AtrA, respectively. This successfully enabled production of almost all of
the respective mono- and dihydroxylated derivatives, some of which have not been reported previously.

The third publication reports the bioactivity-guided discovery of the cyclic lipodepsipeptide pleosporacin
from an isolated fungal strain Pleosporales sp. Pleosporacin was shown to exhibit potent and selective
antifungal activity against the plant pathogen Boftrytis cinerea. Pleosporacin causes swelling of
B. cinerea conidia upon treatment and also exhibits biosurfactant properties. Based on these
observations, pleosporacin is discussed to potentially interfere with cell wall biogenesis or membrane
integrity. Pleosporacin is structurally very closely related to previously reported cyclic lipodepsipeptides,
however, none of their biosynthetic pathways have been characterized. Therefore, the genome of the
fungal isolate Pleosporales sp. was mined to identify a candidate BGC responsible for pleosporacin
biosynthesis. Reconstitution of the biosynthetic genes in A. oryzae indeed enabled heterologous
production of pleosporacin, validating the identity of the ple BGC and allowing the proposal of a
biosynthetic route. In brief, the acyl-AMP-ligase PleB activates myristic acid, which is subsequently
transferred to the To-domain of the NRPS PleA. PleA then facilitates the condensation of L-Ser, B-Ala,
D-Trp, L-Ser and D-Tyr, followed by Cr-domain-catalyzed macrolactonization. The aspartate
decarboxylase PleC is proposed to provide 3-Ala for the assembly line, although it is not required for
heterologous production of pleosporacin.

The fourth publication reports the identification of the purple Paecilomyces marquandii conidial pigment
as the previously reported topoisomerase I/ll inhibitor saintopin. As saintopin structurally differs from
other fungal naphthacenediones, its biosynthesis was investigated. A candidate nrPKS StpA was



identified by a heterologous expression of P. marquandii nrPKSs and subsequently validated by gene
deletion in the native producer. Accessory genes required for saintopin biosynthesis were not collocated
with stpA but encoded elsewhere in the genome. By probing candidate biosynthetic enzymes in the
heterologous host A. oryzae, it was possible to elucidate saintopin biosynthesis. Interestingly, only two
enzymes, the nrPKS StpA and a flavin-dependent monooxygenase (FMO) StpC, sufficed for
heterologous saintopin production. By coexpressing stpC alongside either the nona- or decaketide
synthase coding genes aptA or adaA, it was shown that saintopin biosynthesis proceeds via a
decaketide intermediate. The mechanism by which StpC facilitates cyclization and polyketide shortening
to produce saintopin from a decaketide intermediate remains elusive as of yet.

In conclusion, these publications address the biosynthesis of four bioactive fungal natural products, not
only contributing to drug discovery but also expanding the biologically tractable chemical space,
highlighting fungi and fungal biotechnology as a treasure trove for natural product research. The
reported findings might aid in the scalable biotechnological production of the reported molecules, the
identification of further bioactive molecules, the characterization of further biosynthetic pathways, or
spark the interest of the medicinal chemistry and biocatalysis communities in the future.



Zusammenfassung der beinhalteten Publikationen

Die Publikationen dieser vorgelegten kumulativen Dissertation befassen sich mit der Identifikation,
Charakterisierung und Biosynthese bioaktiver Naturstoffe, die aus Pilzen des Phylums Ascomycota
isoliert wurden. Dabei behandelt jede Publikation separat einen oder mehrere Naturstoffe, die aus je
einer Spezies isoliert wurden.

Die erste Publikation berichtet von der Bioaktivitats-gerichteten Isolation der neuen Polyhydroxy-
Polyketide Acrophialocin und Acrophialocinol aus Acrophialophora levis, welche vielversprechende
antifungische Aktivitat gegenlber einigen pflanzen- und humanpathogenen Pilzen aufweisen. Die
heterologe Rekonstitution der Biosynthesegene acrA—F ermdglichte die Aufklarung der Biosynthese
dieser Stoffe. Das Polyketid-Grundgertst wird von der PKS AcrA, der verkiirzten NRPS AcrC und der
trans-agierenden Enoyl-Reduktase AcrB synthetisiert, was in der Produktion des Intermediates Pre-
Acrophialocin resultiert. AnschlieRend zweigt der Biosyntheseweg: Entweder katalysiert die CYP450
AcrE die Hydroxylierung der p-Methyl-Gruppe oder die a-Ketoglutarat-abhangige Dioxygenase AcrF
katalysiert die Hydroxylierung des a-Kohlenstoffs, was in der Produktion von entweder Malaysic Acid
oder Acrophialocin resultiert. Letztlich konvergiert der Biosyntheseweg erneut durch die katalytische
Aktivitat des jeweils anderen Enzymes AcrF oder AcrE, was in der Produktion des finalen Metaboliten
Acrophialocinol resultiert. Interessanterweise scheint der tertidre Alkohol, der durch AcrF in die
Verbindung eingefuhrt wird, eine wichtige Rolle fur die antifungische Aktivitdt zu spielen, da die
Verbindungen, die diese funktionelle Gruppe nicht besitzen, eine deutlich verringerte Wirkung
aufweisen. Weiterhin wurde gezeigt, dass das RTA1-ahnliche Protein AcrD, das im acr BGC kodiert ist,
Resistenz gegeniber diesen toxischen Verbindungen vermittelt. Dies stellt einen neuen Typ von
Selbstresistenz-Mechanismus dar, welcher eventuell kiinftig fir das Selbstresistenz-gerichtete genome
mining genutzt werden kann.

Die zweite Publikation berichtet von der Biosynthese des zuvor bekannten Naturstoffes Allantofuranon,
welcher leichte antifungische Aktivitat gegenlber einzelner Spezies aufweist. Es wurde bereits zuvor
postuliert, dass Allantofuranon vermutlich Uber das Benzochinon Polyporsaure synthetisiert wird.
Genome mining des Produzenten Allantophomopsis lycopodina fuhrte zur Identifikation eines
geeigneten Kandidaten-BGC, welches ein NRPS-like Enzym kodiert. Die heterologe Expression des
NRPS-like-kodierenden Gens alfA flihrte tatsachlich zur Produktion von Polyporsaure. Die
anschlieBende Rekonstitution der anderen Biosynthesegene erlaubte die Aufklarung der vollstdndigen
Allantofuranon Biosynthese. Kurz gesagt wird Polyporsaure zunachst vom bifunktionalen Enzym AIfC
reduktiv dehydriert, von AIfD methyliert und letztlich von der Dioxygenase AIfB oxidativ gespalten und
zum Furanon kontrahiert. Mit dem Ziel, die biologisch erreichbare chemische Vielfalt zu erweitern und
gegebenenfalls die Bioaktivitat von Allantofuranon und dessen Biosynthese-Intermediate zu
verbessern, wurde kombinatorische Biosynthese betrieben. Hierzu wurde Polyporsdure im
Biosyntheseweg entweder durch Ascocorynin oder Atromentin, mono- und dihydroxylierte Derivate der
Polyporsaure, ersetzt. Dies gelang durch die Koexpression des Monooxygenase-kodierenden Gens
AsMOG6277 beziehungsweise den Austausch von AIfA durch die Atromentin-Synthase AtrA. Dieser
Ansatz ermdglichte die erfolgreiche Produktion fast aller mono- und dihydroxylierten Derivate der
Biosynthese-Intermediate. Einige dieser waren zuvor noch nicht bekannt.

Die dritte Publikation berichtet von der Bioaktivitats-gerichteten Entdeckung des zyklischen
Lipodepsipeptids Pleosporacin aus einem Pilz-Isolat der Ordnung Pleosporales. Pleosporacin weist
starke und selektive antifungische Aktivitdt gegentuber dem Pflanzenpathogen Botrytis cinerea auf. Es
verursacht das Anschwellen von B. cinerea Konidien und weist biotenside Eigenschaften auf. Basierend
auf diesen Beobachtungen wird diskutiert, dass Pleosporacin mdglicherweise mit der Biogenese der
Zellwand oder der Membranintegritat interferiert. Pleosporacin ist mit bereits bekannten zyklischen
Lipodepsipeptiden verwandt, jedoch wurde deren Biosynthese bislang noch nicht charakterisiert. Durch
genome mining im Genom von Pleosporales sp. wurde deshalb ein Kandidaten-BGC identifiziert,
welches mutmalllich an der Biosynthese von Pleosporacin beteiligt sein kdnnte. Rekonstitution der
Biosynthesegene in A. oryzae ermdglichte tatsachlich die heterologe Produktion von Pleosporacin. Dies
bestatigte die Identitat des ple BGCs und ermdglichte das Postulieren des Biosynthesewegs. Kurz



gesagt aktiviert die Acyl-AMP-Ligase PleB Myristinsaure, welche anschlieRend auf die To-Doméane der
NRPS PleA geladen wird. PleA katalysiert anschlieRend die Kondensation von L-Ser, (3-Ala, D-Trp, L-
Ser und D-Tyr, gefolgt von Macrolactonisation durch die Cr-Domane. Die Aspartat-Decarboxylase PleC
ist vermutlich fiir die Bereitstellung von 3-Ala fiir die Biosynthese verantwortlich, wobei das Enzym nicht
notwendig fiir die heterologe Produktion von Pleosporacin ist.

Die vierte Publikation berichtet von der Identifikation des violetten Paecilomyces marquandii Konidien-
Pigments als den zuvor bekannten Topoisomerase I/ll Inhibitor Saintopin. Da Saintopin sich strukturell
von anderen pilzlichen Naphthacenedionen unterscheidet, wurde dessen Biosynthese untersucht. Eine
Kandidaten-nrPKS, StpA, wurde durch heterologe Expression aller nrPKS aus P. marquandiiidentifiziert
und anschlieBend durch Gendeletion im nattrlichen Produzenten bestatigt. Akzessorische Gene, die
zur Biosynthese von Saintopin bendtigt werden, sind nicht in der Nahe von stpA, sondern an einer
anderen Stelle im Genom kodiert. Durch die Koexpression maoglicher beteiligter Biosynthese-Enzyme
im heterologen Wirtsorganismus A. oryzae war es moglich, die Biosynthese von Saintopin aufzuklaren.
Interessanterweise reichen zwei Enzyme, die nrPKS StpA und die Flavin-abhangige Monooxygenase
(FMO) StpC, fir die heterologe Produktion von Saintopin aus. Durch Koexpression von stpC mit den
Nona- bzw. Decaketid-Synthase-kodierenden Genen aptA und adaA konnte gezeigt werden, dass die
Biosynthese von Saintopin Uber ein Decaketid-Intermediat verlauft. Der Mechanismus, durch welchen
StpC die Zyklisierung und Polyketid-Verkirzung bewirkt, um aus dem Decaketid-Intermediat Saintopin
zu produzieren, ist bislang nicht aufgeklart.

Die angefiihrten Publikationen adressieren zusammengefasst die Isolation und Biosynthese bioaktiver
pilzlicher Naturstoffe und tragen dadurch zur Entdeckung neuer Leitstrukturen und der Ausweitung der
biologisch erreichbaren chemische Vielfalt bei. Somit werden Pilze als Schatzkammer der Naturstoff-
Forschung beleuchtet. Die gewonnenen Erkenntnisse konnen kinftig zur skalierten Produktion der
beschriebenen Naturstoffe genutzt werden, zur Identifikation weiterer bioaktiver Naturstoffe und
Charakterisierung anderer Biosynthesewege beitragen oder das Interesse Forschender im Bereich der
medizinischen Chemie und Biokatalyse wecken.



First Publication

Biosynthesis of the Antifungal Polyhydroxy-Polyketide Acrophialocinol

Carsten Wieder'2, Moritz Kiinzer!, Rainer Wiechert®, Kevin Seipp?, Karsten Andresen', Petra Stark?,
Anja Schiiffler?, Till Opatz®, Eckhard Thines'-2

" Institute of Molecular Physiology, Johannes Gutenberg-University, Hanns-Dieter-Huesch Weg 17, D-
55128 Mainz, Germany

2 Institut fur Biotechnologie und Wirkstoff-Forschung gGmbH, Mainz, Hanns-Dieter-Huesch Weg 17, D-
55128 Mainz, Germany

3 Department of Chemistry, Johannes Gutenberg-University, Duesbergweg 10-14, D-55128 Mainz,
Germany

Type of authorship: First author

Type of article: Research article

Share of work: 65 %

Contribution: Conceived project and designed experiments; fermentation; natural

product purification; genome mining; cloning of plasmids; generation of
mutant strains; HPLC analysis; bioactivity assays; analysis and
interpretation of data; writing and editing of the manuscript

Journal: Organic Letters
Date of publication: 22.01.2025
DOI: 10.1021/acs.orglett.4c04656



Downloaded via 89.244.84.118 on September 16, 2025 at 06:24:30 (UTC).

See https:/pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

OL ‘ Organic
Letters ,

First Publication

This article is licensed under CC-BY-NC-ND4.0 @ ® @ ®

pubs.acs.org/OrglLett

Biosynthesis of the Antifungal Polyhydroxy-Polyketide

Acrophialocinol

Carsten Wieder,* Moritz Kiinzer, Rainer Wiechert, Kevin Seipp, Karsten Andresen, Petra Stark,

Anja Schiiffler, Till Opatz, and Eckhard Thines*

Cite This: Org. Lett. 2025, 27, 10361041

I:I Read Online

ACCESS|

[l Metrics & More ‘

Article Recommendations |

@ Supporting Information

acrG acrR acrF acrC acrD acrE acrB
MFS TF aKGD trNRPS RTA1-like CYP450 t+ER
OH O ActF OH ©O
R1)%OH R{ OH
aKG, O, oH

R,=OH Acrophialocinol (1)
R,=H Acrophialocin (2)

Acrophialophora levis

oH OH OoH
Ry= WW
Ry

ABSTRACT: Bioactivity-guided isolation identified the main antifungal compounds produced by Acrophialophora levis as the new
polyhydroxy-polyketides acrophialocinol (1) and acrophialocin (2). Their biosynthesis was elucidated by heterologous
reconstitution in Aspergillus oryzae and involves an a-ketoglutarate-dependent dioxygenase-catalyzed a-hydroxylation, resulting in
the formation of a tertiary alcohol that is indispensable for antifungal activity. Furthermore, self-resistance toward the polyhydroxy-
polyketides is mediated by a conserved RTAl-like protein encoded in the acr biosynthetic gene cluster.

In recent decades, fungi have received increasing attention in
the research community, particularly as a rich source for
new bioactive natural products and lead structures for the
development of agrochemicals and pharmaceuticals.”> Em-
ploying tailor-made bioassays in combination with bioactivity-
guided isolation can yield natural products with desired
bioactivities. The current rise of fungal pathogens, which is
contrasted by the very limited repertoire of antifungal drugs for
both human and agricultural application, demands the
discovery and development of novel drugs.”~> The biosyn-
theses of numerous secondary metabolites are encoded in
biosynthetic gene clusters (BGCs).”” While their exact
biological function for the producing organism in the
environment is often exceptionally difficult to determine,
they can still be exploited as lead structures for therapeutic
agents in medicine and agriculture.® Recent advances in
bioinformatics’~"* enable rapid screening of fungal genomes
and prediction of BGCs, while the simultaneous establishment
of robust methodologies for genetic manipulation of fungi**~"’
allows for subsequent characterization of predicted BGCs and
oftentimes the discovery of new products. Linking secondary
metabolites to genomic loci and understanding their biosyn-
thesis can help to improve yields, enable manipulation for
accessing novel chemical diversity, and increase knowledge on
enzymatic functionalities. Fungal iterative type I highly
reducing polyketide synthases (hrPKS) are multidomain

© 2025 The Authors. Published by
American Chemical Society

7 ACS Publications

1036

enzymes that produce an enormously vast range of different
polyketide scaffolds through decarboxylative Claisen con-
densation of acyl-CoA units complemented by optional
reduction of the f-ketone and a-methylation during elongation
cycles."* > While not yet fully understood, the programming
of hrPKS is proposed to be mediated by competition of the
domains for the nascent polyketide.”'~** Off-loading of the
finished polyketide chain is often catalyzed by trans-acting
enzymes in hrPKS as they frequently lack intrinsic off-loading
domains.'*** Postsynthesis, most natural products are
modified by tailoring enzymes, catalyzing a vast variety of
reactions’ ranging from simple oxidations’” to coupling
reactions”® and molecular rearrangements,”® thus increasing
structural complexity. Intriguingly, even small structural
changes, such as methylations can drastically shape and change
the bioactivity of a given compound.”® Here we report the
discovery and biosynthesis of highly reduced fungal poly-
ketides that exhibit potent antifungal activity against
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Scheme 1. Structures of Acrophialocinol (1) and
Acrophialocin (2)
OH OH OH OH O

A X X X OH
OH

R=0H Acrophialocinol (1)
R=H Acrophialocin (2)

pathogenic fungal species such as C. albicans once a tertiary
alcohol moiety is introduced into the scaffold by a tailoring
enzyme.

In ongoing efforts to isolate and characterize novel bioactive
natural products, we isolated and elucidated the structure of
two antifungal compounds with 525 Da [M—H*] (1) and $09
Da [M—-H'] (2) from cultivation of the fungal strain
Acrophialophora levis IBWF 127-08 (Scheme 1). While 2 has
not been reported in the literature, 1 has previously been
isolated from Chaetomium venezuelense and patented for its
antifungal activity in 1998 under the name BE-54573.%' Based
on the producing organism, we propose the common names
acrophialocin (2) and acrophialocinol (1). Structurally, 1 and
2 are polyhydroxy-polyketides, more precisely belonging to the
phomenoic acid (PMA)-clade of highly reduced polyketides,
established by Takino et al.’>*’ PMA-clade polyketides are
reminiscent of fatty acids and generally share an acyclic scaffold
decorated by multiple methyl and hydroxyl moieties, although
intramolecular condensation is also observed in some
cases.””** Multiple PMA-clade polyketides have been
associated with diverse bioactivities, such as the antifungal
activity of phomenoic acid®® and sporminarins,”® potentiation
of the antifun&al capacity of amphotericin B up to 32-fold
(phialotide F),’® anti-DGAT (diacylglycerol acyltransferase)
activity of roselipins®” and cytotoxicity of cladionol A.**

Genome mining based on the phomenoic acid BGC of
Leptosphaeria maculans assisted by clinker'" analysis identified
a target BGC (acr cluster) likely involved in the biosynthesis of
1 in A. levis IBWF 127-08 (Figure 1, Figure S3; GenBank
accession number: PQ181459). The acr cluster encodes a
major facilitator superfamily (MFS) transporter acrG, a
transcription factor (TF) acrR, an a-ketoglutarate-dependent
dioxygenase (aKGD) acrF, a truncated nonribosomal peptide
synthetase (trNRPS) acrC only harboring a C- and an A-
domain, an RTAl-like protein acrD, a cytochrome P450
monooxygenase (CYP450) acrE, a trans-acting enoyl-reductase
(t-ER) acrB and a hrPKS acrA with the domain structure KS-
AT-DH-CMeT-ER-KR-ACP (Figure 1, Table S5). The
biosynthetic genes were heterologously reconstituted in the
expression host Aspergillus oryzae OP12 (Figure 2)."””” The
expression of solely hrPKS acrA did not lead to the production
of any compounds absent in the control strain, as it lacks an
intrinsic domain for product off-loading. This function is
frequently fulfilled by a collaborating enzyme, and indeed, the
coexpression of acrA alongside the trNRPS acrC resulted in the
production of 3 with 489 Da [M—H"]. Therefore, acrC is

1 5 3 2 4

\ § AN\ acrABCEF
N / \ ] arABCF
‘#/\_JL acrABCE

acrABC

§.#
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3
§ acrAC

acrA

Empty plasmids

{ \ I\ l \ Purified compounds

12 13 14 15 16 17 18
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Figure 2. Heterologous reconstitution of acrophialocinol (1)
biosynthesis in A. oryzae OP12. Total Ion chromatograms of mycelia
extracts from A. levis IBWF 127-08, A. oryzae OP12 mutant strains
expressing acr genes, and purified compounds. The peak highlighted
by the black box corresponds to 3. Peaks labeled with § do not
correspond to the boxes in which they are (partially) in. Peaks labeled
with # correspond to hypothesized degradation products.

proposed to catalyze the hydrolytic release of the nascent
polyketide, which is in accord with previous findings.** Despite
efforts in purifying 3, we did not manage to obtain sufficient
amounts for structure elucidation, as yields were too low in
both the native and heterologous producer. We hypothesized
that the terminal saturation in 1 and 2 was dependent on the
action of the t-ER AcrB, as hrPKS-intrinsic ER domains are
frequently dysfunctional.'”*>****~*! Additional coexpression
of tER AcrB led to the production of 4 with 493 Da [M—H"],
which was then purified from A. Jevis for structure elucidation.
4 appears to be the first actual intermediate in the biosynthesis
of 1, and therefore, we propose the name pre-acrophialocin.
Given the structure of 4 and the MW difference between 3 and
4, 3 is likely the terminally unsaturated congener of 4 we
propose to name didehydro-pre-acrophialocin. 3 is likely a
biosynthetic shunt product that is not being converted any
further. Introduction of CYP450 acrE into OP12_acrABC
resulted in the production of S with 509 Da [M—H'].
Purification and structure elucidation confirmed its identit

with the previously reported compound malaysic acid,*

harboring the p-methyl hydroxylation also found in 1. While
it was not possible to assign any stereochemistry to
compounds 1, 2, 4 and §, a putative stereochemistry for the
polyketide scaffold can be proposed based on the stereo-

—p—— 1w <

acrG acrR acrF acrC acrD
MFS TF aKGD NRPS RTA-ike

N
KS-AT-DH-CMeT-ER-KR-ACP LH)—

acrB acrA
LER hrPKS

Figure 1. Scheme of acr biosynthetic gene cluster encoding acrophialocinol (1) biosynthesis in Acrophialophora levis IBWF 127-08: ACP, acyl
carrier protein domain; AT, acyl transferase domain; C, condensation domain; A, adenylation domain; CMeT, C-methyl transferase domain; DH,
dehydratase domain; ER, enoyl reductase domain; KR, ketoreductase domain; KS, ketosynthase domain
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Scheme 2. Proposed Acrophialocinol (1) Biosynthetic Pathway (*Structure Proposed)
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chemical rule introduced by Takino et al,”” who assigned
canonical stereospecificities to the reductive domains of hrPKS
(Figure S4). However, the configuration of the a-hydroxyl
group exclusive to compounds 1 and 2 remains elusive. The
aKGD encoded by acrF is absent in other reported PMA-clade
BGCs and was therefore hypothesized to catalyze the a-
hydroxylation of 4 and $ to produce 2 and 1. aKGDs are
abundantly found in natural product biosynthesis, catalyzing a
vast range of different, mostly oxygenating reactions.”* Indeed,
when acrF was introduced into OP12_acrABC and
OP12_acrABCE, 2 and 1 were the major products produced,
respectively. As both 2 and § are produced by the native
producer, biosynthesis can progress via both routes. Interest-
ingly, both the acr-gene-expressing mutants and A. levis
additionally produced compounds with mass shifts of
—40 Da (not visible in the acrABCEF trace, Figure SS)
compared to the biosynthetic intermediates, which likely are
degradation products derived from spontaneous oxidation
similar to the findings of Kotani et al.** This concluded
heterologous reconstitution of the biosynthetic pathway,
highlighting (1) a diverging/converging biosynthetic route
and (2) a new functionality in polyhydroxy-polyketide
biosynthesis, namely, an a-hydroxylation introduced by the
aKGD acrF (Scheme 2). In chemical synthesis, hydroxylation
of C(sp*)—H bonds and particularly asymmetric synthesis of
chiral tertiary alcohols is rather challenging.**~** Therefore,
biochemists have already explored the potential of enzymes
such as a-KGDs to overcome these challenges and access these
functionalities more eﬁﬁciently.[")_51 Next, we examined the
conidia germination inhibitory, antifungal, and antibacterial
activity (Table 1) of the isolated compounds. None of the

Table 1. Bioactivity of Compounds 1, 2, 4 and §

MIC [pg/mL]
1 2 4 s
Ascomycetes
M. oryzae (CM)* 25 10 >1007 >1007
M. oryzae (H,0)" 25 10 >1007 10
B. cinerea” 25 5 >1007 >1007
F. graminearum* 100° 25° / /
C. albicans” 25 2.3 >1007 100
A. oryzae® 25 s >1007 >1007
Oomycetes
P. infestans” 10 N >1007 >1007
Bacteria
A. migulanus” >1007 >100¢ >1007 >1007
E. dissolvens” >1007 >1007 >1007 >1007

“Germination inhibition. “Growth inhibition. “Only 90% inhibition.
Only partially inhibited at maximum tested concentration.
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substances exhibited any antibacterial activity. 1 and 2
exhibited broad conidia germination inhibitory and antifungal
activity, with 2 exhibiting the highest activity against all species,
with a peak antifungal capacity of as low as 2.5 ug/mL against
Candida albicans. For comparison, while dependent on the
particular test setup, the MIC of archetype antifungal drug
Amphotericin B, which is frequently used for treating systemic
mycoses such as candidiasis or aspergillosis, against AmB-
susceptible C. albicans strain ATC90028 is reported multiple
times to be <0.5 ug/mL.>>** In comparison, 4 and 5 barely
exhibited any activity in the assays. The observed discrepancy
in bioactivity between 1, 2 and 4, §, indicates a potential role
of the tertiary alcohol moiety in potentiating the biological
activity of the scaffold. Although their contribution to
bioactivity has not been described in itself, tertiary alcohol
moieties can be found in a variety of different pharmaceuticals,
such as the anticancer drugs camptothecin and doxorubicin,
the antifungal drugs fluconazole and nystatin Al, the
antituberculosis agent bedaquiline, and the angiogenesis
inhibitor (—)-ovalicin (Scheme S1). In the case of 1 and 2,
the improved antifungal activity might arise from enhancing
the inherently amphiphilic character of these scaffolds, which
might contribute to solubility, permeability or sequestration.
Besides the catalytically active enzymes, the acr cluster encodes
an RTAl-like protein AcrD (24.12% identity, e-value: 3e-08
when compared to ScCRTA1) that is conserved in PMA-clade
BGCs.*>** RTAl-like proteins are a class of transmembrane
lipid-translocating exporters, with the eponymous protein
RTAI having first been reported in Saccharomyces cerevisiae
to mediate resistance to 7-aminocholesterol.”> While 7-
aminocholesterol inhibits ergosterol biosynthesis, the presence
or absence of RTAl does not affect sterol composition;
therefore, RTAl-mediated resistance is likely not due to efflux
of the toxin.’>*® Other fungal RTA1-like proteins have been
associated with sphingoid base translocation,” transport of
heme,”” secretion of virulence factors™ and azole resist-
ance.””*® The high antifungal capacity of 1 and 2 likely
requires a self-resistance mechanism in A. levis. To investigate
the function and involvement of acrD in polyhydroxy-
polyketide self-resistance, we introduced acrD into A. oryzae
RIB40 and performed a germination inhibition assay in the
presence of 2. While wild-type RIB40 was already inhibited at
a concentration of 5 ug/mL, OE:acrD was still able to
germinate and grow in the presence of 100 ug/mL 2 (Figure
S6). While the exact mechanism remains elusive, acrD is likely
involved in the self-resistance of A. levis IBWF 127-08 toward
the produced polyhydroxy-polyketides. The coexpression of
acrD did, however, not seem to substantially increase the
production of polyhydroxy-polyketides when introduced into
the acr-gene-expressing OP12 strains (data not shown). To the
best of our knowledge, this is the first time an RTAIl-like
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protein has been associated with selfresistance toward an
endogenously produced toxin. Therefore, RTAl-like proteins
might potentiall¥ be used as a query for self-resistance guided
genome mining, **"** In summary, we report the isolation and
biosynthesis of three new and one previously described
polyhydroxy-polyketides 1, 2, 4 and S in A. levis IBWF 127-
08. Evaluation of bioactivity revealed potent antifungal activity
of 1 and 2 against multiple different species, including plant
and human pathogens, which seems to be dependent on the
tertiary alcohol moiety introduced by AcrF. Furthermore, we
report the involvement of an RTAl-like protein AcrD in self-
resistance against these bioactive polyhydroxy-polyketides.
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I. Experimental Section
Organisms

Acrophialophora levis IBWF 127-08 was isolated from a soil sample (Gottingen, Germany)
in 2008 and is deposited at the Institute for Biotechnology and Drug Research (ibwf), Mainz,
Germany. 4. levis IBWF 127-08 and CBS 484.70 (type strain, Westerdijk Institute, Utrecht,
Netherlands) were routinely maintained on YMG agar at RT (although capable of growing at
37°C).

Aspergillus oryzae strains (RIB40 and OP12 3A [pyrG-, dpabA, AargB]) were routinely
cultivated on GG10 agar at 30 °C. For cultivation of the triple auxotroph OP12 3A,
supplementing 10 mM uridine, 0.0001 % paba and 0,05 % arginine was required, other
auxotrophic mutants were supplemented accordingly as necessary. For induction of expression
OP12 mutant strains were cultivated in 2 % starch media. All mutant strains created and/or

used in this study are listed in Table S. 1.
Escherichia coli DH5a was used for routine cloning work.

Table S. 1: Mutant strains used in this study

Strain Parental Strain Genotype Produces Source
OP12 pyrG- / PamyB:terR ptrA; pyrG- / Geib et al. 2019
OP12 ApabA OP12 pyrG- PamyB:terR_ptrA; ApabA::Ura | / Wieder et al
2020; This study
OP122A OP12 ApabA PamyB:terR_ptrA; prG, |/ Wieder et al
ApabA 2020; This study
OP12 ApabA AargB | OP12 2A PamyB:terR_ptrA; ApabA; | / This study
AargB::Ura
OP12 3A OP12 ApabA AargB PamyB:terR_ptrA; prG, |/ This study
ApabA, AargB
OP12 empty | OP12 3A PamyB:terR_ptrA / This study
plasmid control
OP12 acrd OP12 3A PamyB:terR_ptrA; ApabA, | / This study
AargB, PterA:actA_URA
OP12 acrAC OP12 3A PamyB:terR_ptrA; ApabA, | 3 This study
PterA:acrA_URA,
PterA:acrC_argB
OP12_acrABC OP12 3A PamyB:terR_ptrA, 4 This study
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB




OP12_acrdBC
prG

OP12_acrdBC
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PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB, pyrG-

This study

OP12_acrABCE

OP12_acrdBC pyrG-

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,
PterA:actE_URA

This study

OP12_acrABCE
prG™

OP12 acrABCE

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,
PterA:actE_URA, pyrG-

This study

OP12_acrABCF

OP12 _acrABC pyrG-

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,
PterA:acrF_URA

This study

OP12_acrdBCF
prG

OP12_acrABCF

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,
PterA:actF_URA, pyrG~

This study

OP12_acrABCEF

OP12_acrABCE pyrG~

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,
PterA:acrE_URA,
PterA:acrF_ URA

This study

OP12_acrdBCEF
prG-

OP12_acrABCEF

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,
PterA:acrE_URA,
PterA:actF URA, pyrG-

This study

OP12_acrACD

OP12_acrAC

PamyB:terR_ptrA; ApabA,
PterA:acrA_URA,
PterA:acrC_argB,
PterA:acrD_paba

This study

OP12_acrABCD

OP12_acrdABC pyrG-

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,
PterA:acrD_URA

This study

OP12_acrABCDE

OP12_acrABCE pyrG~

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,
PterA:actE_URA,
PterA:acrD_URA

This study

OP12_acrABCDF

OP12_acrABCF pyrG~

PamyB:terR_ptrA,
PterA:acrA_URA,
PterA:acrB_paba,
PterA:acrC_argB,

This study
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PterA:actF_URA,
PterA:acrD_URA

OP12_acrABCDEF | OP12_acrABCEF PamyB:terR_ptrA, 1 This study
prG PterA:acrA_URA,
PterA:acrB_paba,

PterA:acrC_argB,
PterA:actE_URA,
PterA:actF_URA,
PterA:acrD_URA

RIB40 OE:acrD A. oryzae RIB40 PgpdA:actD_ptrA / This study

Identification of fungal strain IBWF 127-08

Genomic DNA of IBWF 127-08 was purified from lyophilized mycelium using the GeneJET
Plant Genomic DNA Purification Kit (Thermo Fisher). ITS and B-tubulin barcode regions were
amplified from gDNA of IBWF 127-08 using the primer sets ITS1F & ITS4 and Bt2a & Bt2b
with Phire Green Hot Start I PCR Mastermix (Thermo Fisher), the amplicons were purified
using the Monarch PCR & DNA Cleanup Kit (NEB) and analyzed by Sanger sequencing. The
consensuses of forward and reverse sequencing (found below) were used for BLAST searching

the NCBI ITS and standard reference database, respectively.

>ITS IBWEF 127-08 consensus
AGAGGAAGTAAAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACAGAGTTGCAAAACTCCC
CAAACCATTGTGAACCTTACCTTCAACCGTTGCTTCGGCGGGCGGGCCACAGCGCCCCCCGGGCCCCCCCAGCGG
GGCGCCCGCCGGAGGATACCCAAACTCTTGATACTTTATGGCCTCTCTGAGTCTTCTGTACTGAATAAGTCAAAA
CTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAG
AATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGT
CATTTCAACCATCAAGCCCCCGGGCTTGTGTTGGGGACCTGCGGCTGCCCGCAGGCCCTGAARACCAGTGGCGGG
CTCGCTGTCACACCGAGCGTAGTAGCATCATCTCGCTCAGGGCGTGCTGCGGGTTCCGGCCGTTAAAAGCCTCTA
ATACCCAAGGTTGACCTCGGATCAGGTAGGAAGACCCGCTGAACTTAAGCATATC

>bTub IBWEF 127-08 consensus
TGCTGCTTTCTGGTGTGTTAACCTCCAATCCATCCGAGCCCAAGACAATCAACGCTGACTTCGTCCACAGGCAGA
CCATCTCTGGCGAGCACGGCCTCGACAGCAATGGCGTGTACGTGAATGTCGCCGATTCCGATCGAATACCTGTTC
GCTCACCGCTTCGATAGGTACAATGGCACCTCCGAGCTCCAGCTCGAGCGCATGAACGTCTACTTCAACGAGGTG
AGTGGCATAATACAGTTAGACTCTGTGACACGAAGAGCAAACGGGGTTTGCTGACGAGTGGCTCATCTCCAGGCC
TCCGGCAACAAGTATGTCCCTCGTGCCGTCCTGGTCGATCTGGAGCCCGGCACCATGGACGCCGTCCGCGCTGGT

CCCTTCGGCCAGCTCTTCCGCCCTGACAACTTCGTCTTCGGCCAGTCCGGTGCTGGCAACAACTGGGCCAAGG

Sequences shared identities of 100 % (99 % query coverage, 0.0 e-value) and 99.78 %
(100 % query coverage, 0.0 e-value) to the ITS and B-tubulin sequences of Acrophialophora



levis CBS 484.70 and FMR 12780, respectively. To further validate the identity of IBWF 127-
08 as A. levis chemotaxonomically, the LC-MS profiles of IBWF 127-08 and 4. levis typestrain
CBS 484.70 were compared. Indeed, metabolites produced by the two organisms, especially

the constituents of the previously identified bioactive fractions, were identical (Figure S. 2).
Bioinformatic analyses

DNA sequencing was performed by Eurofins Genomics. For the whole genome sequencing
a genome sequencer [llumina NovaSeq was used to generate 8,599,340 paired end reads with
a length of 150 nucleotides each. The genome was assembled by using the Software SPAdes
version 3.15.4! to a total length of 3,3045,443 bp in 1,563 contigs with a N50 value of 24. Gene
prediction was performed by using AUGUSTUS version 3.5.0? and resulted in 11,063 open
reading frames. The set of predicted genes was used in antiSMASH version 7.0.0° analysis that
revealed 35 secondary metabolite biosynthesis gene cluster. Clinker* analysis was performed
with parameters (sequence identity > 0.3) set to default using the online server available at

https://cagecat.bioinformatics.nl/# (last checked: 02.08.2024). The proteins encoded in the acr

cluster were further analyzed using NCBI BLAST? (using Uniprot as a reference database) and

InterPro®.
Plasmid construction

For amplification of DNA fragments, Q5 Hot Start High-Fidelity DNA Polymerase (NEB)
was used according to manufacturer’s instructions. PCR products were purified with the
Monarch PCR & DNA Cleanup Kit (NEB) and fragments assembled into linearized plasmids
with the NEBuilder HiFi DNA Assembly (NEB). Primers used in this study are listed in table
S.2.

The KO plasmid for deletion of pabA4 in A. oryzae OP12 pyrG- was constructed as previously
described’. Briefly, 5°- and 3’- flanks (947 bp and 798 bp, respectively) were amplified from
genomic DNA and assembled into Smal-restricted pUC19, with the primer overhangs creating
a Nofl-restriction site between flanks. The resulting plasmid was then opened with NofI and
ligated to the Notl-excised Ura-cassette of SM-Xpress Ura using the T4 DNA Ligase (NEB)
according to manufacturer’s instructions, resulting in the plasmid pKO AopabA_Ura. The KO
plasmid for deletion of argB in A. oryzae OP12 2A was constructed by amplifying 5’- and 3’-
flanks from genomic DNA (942 bp and 977 bp, respectively) and the URA-cassette from SM-

Xpress_Ura and assembling them into Smal-restricted pUC19, resulting in the plasmid



pKO_AoargB Ura. To complement arginine auxotrophic strains, the argB gene was amplified
with its native promoter and terminator in two fragments from Aspergillus nidulans FGSC A4
genomic DNA and assembled into NotI-restricted SM-Xpress_Ura, exchanging a single base
within the CDS (silent) through overlap design to eliminate the NcoI-restriction site present in

the native CDS of argB, resulting in plasmid SM-Xpress_argB(mut).

Expression plasmids for the acr genes were cloned by amplifying acrA, acrB, acrC, acrD,
acrE and acrF from A. levis IBWF 127-08 gDNA and cloning them into Ncol-restricted SM-
Xpress Ura® (acrd, D, E & F), SM-Xpress_paba’ (acrB) and SM-Xpress_argB(mut) (acrC).

For construction of the constitutively active expression plasmid pOE_PgpdA4 ptrA, the gpdA-
promoter and terminator were amplified from 4. nidulans genomic DNA, the ptrA-cassette was
amplified from pPTRI® and all fragments assembled into Smal-restricted pUC19, creating an
EcoRV-restriction site between promoter and terminator. acrD was amplified from 4. /levis
IBWF 127-08 gDNA and cloned into FEcoRV-restricted pOE PgpdA ptrA to create
pOE _acrD ptrA.

Table S. 2: Primers used in this study

Oligo Sequence Purpose

oCW105 ctgcaggtcgactctagaggatccccgGGATATAGAGTTTACCCCTACTG Cloning of
pKO_AopabA for

oCW106 | GGAAGAATGIGGTCATGCTTTGCGGCCGCCGTATGGATGAACTGTAGC subsequent insertion of
URA cassette to yield

oCW107 | CTACAGTTCATCCATACGGCGGCCGCAAAGCATGACCACATTCTTICCTC pKO_AopabA Ura for
deletion of pab4 in A.

oCWI108 gacggccagtgaattcgagectcggtacccCCCGGGTCTCAACAAAATGG oryzae

oCWI180 | gcctgcaggtcgactctagaggatccce GGGATTGAATACGGTGGCATCC Cloning of
pKO AoargB Ura for

oCWI181 | gttgatggtgccaacaatctgcgcggccgcGATGAGATAATTTCCGGTAG deletion of argB in A.
oryzae

oCWI182 | CTCCGCATACTACCGGAAATTATCTCATCgcggccgcgcagattgttgg

oCWI183 | CTTCGGTATGGAAAGTCAAACAACGGTCCgcggccgccaggttgtecgag

oCW184 | cgaagagaagctcgacaacctggcggccgcGGACCGTTGTTTGACTTTCC

oCW185 cggccagtgaattcgagctcggtacccgggCTTCTACTGACAACGCGCGA

oCWI186 | ctcgaattcgagctcggtaccecgeggecgcATTTCGCGGTTTTTTGGGGT Cloning of SM-
Xpress_argB(mut)

oCWI187 | ACCGACACGGGCTACAATGCAGGATACCATcGACGAAATGACAACGGAGG

oCW188 CCTCCGTTGTCATTTCGTCgATGGTATCCTGCATTGTAGCCCGTGTCGGT

oCWI189 ggtcgactctagaggatccccgecggeccgcACCTACAGCCATTGCGAAAC
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oCW201 atgcctgcaggtcgactctagaggatccccGAGCTCTGTACAGTGACCGG Amplification of PgpdA
for cloning of
pOE_PgpdA ptrA

oCW202 GGCCATTGGCTTCCGACCTGTTTCGATATCTGTGATGTCTGCTCAAGCGG

oCW203 | CCCCGCTTGAGCAGACATCACAGATATCGAAACAGGTCGGAAGCCAAT Amplification of gpdAT
for cloning of
pOE_PgpdA ptrA

oCW279 | GATCCCGTAATCAATTGCCCGCGGCCGCGGACTAAGTATACCCAGATG

oCW280 | CATCTGGGTATACTTAGTCCGCGGCCGCGGGCAATTGATTACGGGATC Amplification of ptrA
for cloning of
pOE_PgpdA_ptrA

oCW281 gtgaattcgagctcggtacccGCGGCCGCATGGGGTGACGATGAGCCGC

oCW301 Catttaacaaacttctcatcacagcaccatgtctcctactgataccccta Amplification of acrA
for cloning of
pSMX acrA_URA

oCW302 | tccgcatctccaacaagatce

oCW303 | gatcttgttggagatgcgga

oCW304 | Ctatacggttcagattgaaatcactgctgcctatttctegtttgecagece

oCW305 | Catttaacaaacttctcatcacagcaccatgggttcaattccgaccgaag Amplification of acrC
for cloning of
pSMX_acrC_argB(mut)

oCW306 | ctatacggttcagattgaaatcactgctgctcagttcttcagegtctte

oCW321 Catttaacaaacttctcatcacagcaccatgccccacaagctcaccatca Amplification of acrB
for cloning of
pSMX_acrB_paba(rev)

oCW322 | ctatacggttcagattgaaatcactgctgctcaaatctcaacaaccaact

oCW323 | Catttaacaaacttctcatcacagcaccatggcgtacgctctcagtgceca Amplification of acrE
for cloning of
pSMX_acrE URA

oCW324 | ctatacggttcagattgaaatcactgctgecttattgegettggegettgy

oCW34] | catttaacaaacttctcatcacagcaccatgacagtcaacgaaccaaccyg Amplification of acrF
for cloning of
pSMX_acrF URA

oCW342 | ctatacggttcagattgaaatcactgctgctcaagcggeccceggtettga

oCW359 | catttaacaaacttctcatcacagcaccatggccgaacccggagagcca Amplification of acrD
for cloning of
pSMX _acrD_URA

oCW360 | ctatacggttcagattgaaatcactgctgctcaagccgagttggcagt

oCW361 Cagctaccccgecttgagcagacatcacaatggeccgaacccggagagcec Amplification of acrD
for cloning of
pOE_acrD ptrA

oCW362 | Ctcctggceccattggectteccgacctgtttctcaagecgagttggecagteg

ITSIF sequencing barcode ITS

CTTGGTCATTTAGAGGAAGTAA

region
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ITS4 TCCTCCGCTTATTGATATGC

Bt2a Sequencing barcode B-
GGTAACCAAATCGGTGCTGCTTTC tubulin

Bt2b ACCCTCAGTGTAGTGACCCTTGGC

Fungal transformation

Aspergillus oryzae OP12 was transformed as previously described®. In brief, OP12 pyrG~ or
3A were inoculated into 50 mL YEPD (1 % yeast extract, 2 % peptone, 0.5 % glucose, pH 6.5)
supplemented according to autotrophies and incubated shaking at 150 rpm for 18-24 h at
30 °C. The mycelia was harvested, rinsed with and transferred to 25 mL of citrate-phosphate
buffer (90 mM, pH 7.3) supplemented with 10 mM DTT and incubated gently shaking at
70 rpm for 1 h at 30 °C. Mycelia was harvested, rinsed with osmotic solution (0.6 M KCl,
10 mM phosphate buffer, pH 5.7) and transferred to 20 mL lysing enzyme solution (1.3 g
VinoTaste Pro and 0.1 g lysing enzymes from 7richoderma harzianum dissolved in osmotic
solution) and incubated shaking at 70 rpm for 2—4 h at 30 °C. Protoplast formation was
monitored microscopically. Protoplasts were harvested by straining the solution through
miracloth and centrifugation at 4000 rpm for 8 minutes at 4 °C. Protoplasts were subsequently
washed twice with washing solution (0.6 M KCIl, 0.1 M Tris/HCI, pH 7.0) and solution A
(0.6 M KCl, 10 mM Tris/HCI, 50 mM CaClz, pH 7.5), respectively. Protoplasts were
suspended in solution A at a concentration of ~5x107 protoplasts/mL. 100 uL of protoplasts
and 25 pL of PEG solution (25 % PEG 8000, 10 mM Tris/HCl, 50 mM CaCly, pH 7.5) were
added to 2—5 pg of linearized plasmid DNA (dissolved in < 15 pL) and the mix incubated on
ice. After 25 minutes, another 500 pL. of PEG solution was added and gently mixed by
pipetting. After additional 5 minutes, 1 mL of solution A was added and the mix inverted three
times. 600 pL, 500 puL and 400 pL were added to 12 mL of GG10S1.2 (GG10, 1.2 M sorbitol)
top agar (cooled to ~45 °C before addition of protoplasts), mixed by inverting two times and
poured onto pre-poured GG10S1.2 bottom agar plates. Plates were allowed to dry and then
incubated at 30 °C for 4-6 days. Colonies grown on transformation plates were replica-plated

twice on GG10 before further analysis.
Counterselection

In between successive transformations, uridine auxotrophy was restored by counterselecting

the URA-Blaster cassette as previously described®. Therefore, 1x10°~1x10° conidia of pyrG*



strains were plated on GG10 supplemented with 50 mM HEPES (pH 7.0), 20 mM uridine and
2 mg/mL S5-fluoroorotic acid. The URA cassette is flanked by direct tandem repeats
homologous to one another. Homologous recombination of these tandem repeats eliminates the
URA cassette, rendering the organism resistant towards 5-FOA, which is otherwise converted
to the toxic metabolite 5-FU by pyrG. Arising colonies were replica-plated onto GG10 plates
either containing or lacking 10 mM uridine to evaluate uridine auxotrophy. Auxotrophic strains
were then again subjected to metabolite screening to assure the metabolites of interest were

still being produced. Producing strains were then subjected to the next set of transformations.
Construction of OP12 3A

In order to obtain a triple-auxotrophic strain for simultaneous transformation of multiple
plasmids, pabA and argB were sequentially deleted in Aspergillus oryzae OP12 pyrG .
Deletion of pabA was carried out as previously described’. Mutants were selected on media
supplemented with 0.0001 % PABA and replica-picked twice on media supplemented with or
without PABA to assess auxotrophy. Multiple auxotrophic mutants were counterselected by
plating on media supplemented with PABA, 20 mM uridine, 50 mM HEPES (pH 7.0) and
2 mg/mL 5-FOA. These plates were incubated up to 10 days. Colonies were replica-picked on
media supplemented with PABA & uridine or only PABA to assess reobtained uridine
auxotrophy. The resulting strain OP12 2A was then used for transformation of the argh knock-
out plasmid pKO_ AoargB Ura. Transformants were selected on media supplemented with
0.05 % arginine and PABA and replica-picked twice on media supplemented with PABA and
with or without arginine to assess auxotrophy. To reobtain uridine auxotrophy, multiple
mutants were again counterselected on plates supplemented with 0.0001 % PABA, 0.05 %
arginine, 20 mM uridine, 50 mM HEPES (pH 7.0) and 2 mg/mL 5-FOA. Colonies were
replica-picked on media supplemented with PABA, arginine and uridine or without uridine to

assess uridine auxotrophy.
Fermentation, extraction, HPLC-MS analysis and metabolite purification

Initial fermentation of A. levis for preliminary testing was conducted in 500 mL YMG
shaking at 120 rpm at rt for 11 days. For comparing 4. levis IBWF 127-08 and CBS 484.70,
both were cultivated in 500 mL YMG shaking at 120 rpm at rt for 5 days.

Aspergillus oryzae mutant strains were cultivated in 50 mL 2 % starch media (inducing

expression) shaking at 150 rpm at 30 °C for 2 days. After fermentation, the culture broth was



separated from the mycelium and both extracted separately. The culture broth was liquid-liquid
extracted with a 1:1 ratio of ethyl acetate, the mycelium was extracted by overlaying with
MeOH:acetone (1:1) and shaking for at least 2 hours. Crude extracts were dried in vacuo at

45 °C and resuspended in MeOH.

For HPLC-MS analysis, samples were applied to a LiChrospher 100 RP-18 (125 mm x 2 mm,
4 um, Merck KGaA) column connected to Agilent DAD 1260 and Quadrupole LC/MS 6130
modules. For analytical runs a gradient of 0.1 % formic acid and acetonitrile (ACN) from 1 %
to 100 % ACN was run in 20 minutes at a flow rate of 0.4 mL/min followed by 4 minutes of

100 % ACN flushing.

To identify the bioactive components of 4. levis extracts, fractioning was carried out using
the previously stated analytical HPLC gradient on a LiChrospher 100 RP-18 column (125 mm
x 4 mm, 5 um, Merck KGaA) at a flow rate of 1 mL/min, collecting 92 fractions into a 96 well
plate during the first 23 minutes of the run. The plate was dried in vacuo before bioactivity

testing (Figure S. 1).

For isolation of 1, 2, 4 and 5, 4. levis IBWF 127-08 was cultivated in 20 L of YMG media in
a bioreactor at 3 L/min aeration, 120 rpm and 37 °C for 6 days. The culture broth was separated
from the mycelium and extracted twice with 20 L ethyl acetate. The mycelium was lyophilized
and subsequently extracted twice with 2 L MeOH:acetone (1:1) shaking overnight. The crude
extracts were dried in vacuo, pre-fractioned by SPE (Bond Elut C18, Agilent) and compounds
purified by preparative HPLC (Sunfire C18 column [100 A, 5 pm, 19 mm x 250 mm, Waters
GmbH]; 17 mL/min; 0.1 % formic acid and ACN as eluents). Gradients for purification are
listed in table S. 3. Preparative HPLC yielded 8.2 mg of 1, 7.5 mg of 2, 3.7 mg of 4 and 3 mg

of §. All compounds were obtained as off-white amorphous solids.

Table S. 3: Preparative HPLC gradients for purification of 1, 2, 4 and 5

Gradient

Compounds | Time [min] % ACN

1,2 0 67.7
0.32 67.7

20.32 88.9

20.33 100
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23 100
4 0 35
0.3 35
28 90
32 100
34 100
5 0 1
0.3 1
20 100
28 100

Analytical methods for natural product elucidation

Thin layer chromatography

Analytical thin-layer chromatography (TLC), 0.25 mm silica plates (60 F254) from Merck
were used, and the detection was reached by fluorescence quenching under UV light
(A =254 nm) or by staining with potassium permanganate reagent (solution of KMnO4 (3 g),
K2CO3 (20 g), 5 % NaOH (5 mL), and H,O (300 mL)) followed by heating at 400 °C.

NMR spectra

Unless otherwise mentioned, measured NMR spectra were recorded at 296 K on a 600 MHz
Bruker Avance-IIT 600 spectrometer. After prior referencing to the residual solvent signal
(DMSO-ds: 2.50 ppm & 39.52 ppm for 'H NMR and '3C NMR, respectively), all chemical
shifts () are reported relative to residual solvent!?. Coupling constants were reported in Hz
and the signal multiplicities were abbreviated as follows: s (singlet), d (doublet), t (triplet),
q (quartet), qd (quartet of doublet), m (multiplett). Structural assignments were made with
additional information from gCOSY, gHSQC, and gHMBC experiments.

Infrared spectra

Infrared spectroscopy was performed on a Bruker Tensor 27 FTIR spectrometer including a

diamond ATR unit and are reported in terms of absorption frequency v [cm™].

Mass spectra
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HRMS was conducted on an Agilent G6545A Q-ToF with ESI, APCI or APPI source coupled
with an Agilent 1260 Infinity Il HPLC system. If not describe otherwise, spectra were recorded

using positive ionization mode.

Optical rotations

Optical rotation measurements were accomplished with a Perkin-Elmer 241MC polarimeter at

A = 589nm. The instrument was blanked with the solvent used prior to the measurement!’.
Bioactivity assays

To test for antifungal activity, conidia of Magnaporthe oryzae 70-15, Botrytis cinerea DSM
0877, Fusarium graminearum DSM 21727, Aspergillus oryzae RIB40 and the mutant
Aspergillus oryzae RIB40 OE:acrD were harvested from properly grown agar plates and
diluted in 2 % malt extract media to a final concentration of 1x10° conidia/mL. 200 uL of the
solution were added to wells of a 96 well plate containing different concentrations of
compounds. The plates were then incubated overnight at room temperature and conidia

germination evaluated using a microscope. Ciclopirox served as positive control.

To assess activity against Candida albicans ATCC90028, fresh colonies grown on
Sabouraud (Difco) plates were suspended in H»O, diluted 1:20 in Sabouraud media and
cultivated shaking at room temperature for 18-24h; growth inhibition was assessed

macroscopically. Ciclopirox served as positive control.

To assess activity against Phyfophtora infestans CBS 430.90, 2 ml of a 2-week-old liquid
PDA culture were shredded using a FastPrep twice for 20 s, diluted with 5 mL of H>O and
filtered through miracloth. The filtrate was diluted 1:20 with KGA media and 200 pL
distributed in 96-well test plates. Plates were incubated gently shaking at room temperature for

1 week; growth inhibition was assessed macroscopically.

To assess antibacterial activity, Aneurinibacillus migulanus ATCC9999 and Enterobacter
cloacae subsp. dissolvens LMG2683 nutrient broth (Difco) precultures were inoculated and
grown overnight shaking at 37 °C and 27 °C, respectively. Precultures were diluted 1:100 in
fresh nutrient broth and 200 pL distributed in 96-well test plates. Tetracycline and

Streptomycin served as positive controls.

Media and Recipes
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Table S. 4: Media composition. For solid media, 2% agar were added before autoclaving.

Media Composition (per L)

YMG 0.4 % yeast extract, 1 % malt extract, 1 % glucose

YEPD 1 % yeast extract, 2 % peptone, 0.5 % glucose, pH 6.5

GG10 50 mM glucose, 10 mM glutamine, 50 mL salt stock, 1 mL Hutners trace
elements

GG10S1.2 GG10 + 1.2 M sorbitol

2% Starch

2 % soluble starch, 20 mM glutamine, 50 mL salt stock, 1 mL Hutners
trace elements

20x salt stock

3.04 % KH2PO4, 1.04 % KCI, 1.04 % MgS0O4-7 H,O

13
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I1. Supplementary Figures and Tables

8 3 A. levis IBWF127-08
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4 H
2 i i
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10 1 12 13 14 15 16 17 18 19
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Figure S. 1: Bioactive fractions of A. levis extract contain compounds 1 and 2. TICs of

Acrophialophora levis IBWF 127-08 culture filtrate extract and bioactive fractions E3 and F10.

1 5 2 34
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Figure S. 2: Chemotaxonomic comparison of 4. levis strains IBWF 127-08 and CBS 484.70.
Growth morphology of 4. levis strains grown on YMG agar at 37 °C for 7 days (left). TICs of
culture filtrate (cf) and mycelium (my) extracts of 4. levis cultures grown for 5 days in 500 mL

shaking at rt (right).
phomB
phomC phomD | phomE phomA
®TF
@ NRPS
® RTA1-like
acrG acrR acrF acrC acrD acrE acrB acrA CYP450

® tER

— ® hrPKS

25kb 0 Identity (%) 100

Figure S. 3: Clinker* comparison of acr and phom clusters.
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AcrA
CMeT KR DH t-ER c A

Ks AT DH CMeT ER KR ACP — ACP — ACP

R=OH Malaysic acid (5)
R=H Pre-Acrophialocin (4)

OH OH OH OH O

R=OH Acrophialocinol (1)
R=H  Acrophialocin (2)

Figure S. 4: Putative stereochemistry of compounds 1, 2, 4 and 5 if the canonical

stereochemical rule for polyketide biosynthesis proposed by Takino ef al.'?

applies to 1
biosynthesis. The scheme representatively depicts the tailoring steps occurring during the first
elongation cycle and the resulting stereochemistry of the nascent polyketide. Reduction of the
achiral a-methyl-p-ketone generates R-configured o-methyl and p-hydroxyl groups.
Subsequent dehydration produces an achiral intermediate. Lastly, ene-reduction facilitated by
the t-ER AcrB results in formation of a S-configured a-methyl group. The subsequent
elongation cycles proceed analogously, with some of the domains being skipped. Finally, the
finished polyketide scaffold is hydrolysed by the trNRPS AcrC. ACP, acyl carrier protein
domain; AT, acyl transferase domain; C, condensation domain; A, adenylation domain; CMeT,

C-methyl transferase domain; DH, dehydratase domain; ER, enoyl reductase domain; KR,

ketoreductase domain; KS, ketosynthase domain; t-ER, trans-acting enoyl reductase
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1* 5% 1 5 4 2% 4 32
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EIC 525
EIC 485
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EIC 449 AL
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Relative Abundance

Figure S. 5: EICs of A. levis IBWF 127-08 mycelium extract. “Presumed degradation products
of compounds 1-5. The degradation product of 3 is not present in this mycelium extract (the

EIC449 peaks do not correspond to 3#).

Acrophialocin (2)

Figure S. 6 Germination inhibition assay comparing susceptibility of RIB40 and
RIB40 OE:acrD to acrophialocin (2). 2 was dissolved in THF. THF served as negative

control, ciclopirox served as positive control.
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Scheme S. 1: Pharmaceuticals containing tertiary alcohol moiety (highlighted in red).

O O OH 0O © /=N F
N | OH
9000 -
OH °N
OH \
O OH o) N—Z
doxorubicin (anti-cancer drug) fluconazole (antifungal
drug)
HO —0 o
HoN, " g
B O a
HO = (9@
I~~~ Q0

OH (-)-ovalicin (angiogenesis
WOH inhibitor)

W

O OH OH OH

nystatin A1 (antifungal drug)

Table S. 5: Genes encoded in the acr cluster

Gene Size (aa) BlastP hit* Identity (%) E-value Proposed protein function

acrG 514 AOASKIAWS2.1 28.42 2E-63 MES transporter

acrR 422 ESAE39.1 44.58 3E-112 transcription factor

acrF 341 Q2TXF3.1 25.61 6E-10 oK G-dependent dioxygenase

acrC 1015 POWEVI1.1 332 2E-132 truncated NRPS (C-A)

acrD 341 ESAE43.1 57.96 2E-120 RTA1l-like protein

acrk 601 E5AE41.1 44.54 2E-180 CYP450 monooxygenase

acrB 356 ESAE42.1 62.95 2E-166 t-ER

acrd 2539 E5SAE40.1 61.32 0.0 hrPKS (KS-AT-DH-CMeT-ER-KR-ACP)

*Uniprot for reference database, manually curated choice (best, characterized fungal hit)
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I11. Analytical data

(4E,8E,12E,16E)-3,7,11,15-tetrahydroxy-2,6,10,14,16,18,20-heptamethyldocosa-
4,8,12,16-tetraenoic acid (4/Pre-Acrophialocin)

OH OH OH OH O
2 A R 18 s 14 22 1A B 6 2 4 2
HsC XY 5 X711 X7 X s 1 OH
CHs CH; CHs CHs CH, CHs CH,
20a 182 16a  14a 10a 6a 2a

[a]2) +41.4 (c 0.07, MeOH).
Ry0.87 (MeOH).
IR (ATR): ¥ [em™'] 3394, 3341, 2957, 2925, 1718, 1123, 1071, 1017, 977, 968.

'H NMR, COSY (600 MHz, DMSO-de) o1 5.59 (dd, J = 15.5, 7.1 Hz, 1H, 13-CH), 5.57-5.50
(m, 2H, 9-CH, 5-CH), 5.37-5.32 (m, 1H, 12-CH), 5.32-5.25 (m, 2H, 8-CH, 4-CH), 4.95 (dd,
J=9.6,1.6 Hz, 1H, 17-CH), 4.54 (sor, 1H, OH), 4.41 (sor, 1H, OH), 3.95-3.87 (m, 1H, 3-CH),
3.78-3.72 (m, 2H, 11-CH, 7-CH), 3.46 (d, J= 8.4 Hz, 1H, 15-CH), 2.47-2.40 (m, 1H, 18-CH),
2.20-2.10 (m, 4H, 14-CH, 10-CH, 6-CH, 2-CH), 1.52 (d, J= 1.3 Hz, 3H, 16-CH3), 1.31-1.16
(m, 3H, 21-CHa., 20-CH, 19-CH>.4), 1.10 (dq, J = 14.0, 7.3 Hz, 1H, 21-CH, ), 1.00 (ddd, J
=13.6, 9.1, 4.6 Hz, 1H, 19-CH>5), 0.91-0.88 (m, 6H, 18-CHs, 2-CHs), 0.88-0.84 (m, 6H,
10-CHs, 6-CHs), 0.80 (t, J=7.3 Hz, 3H, 22-CH3), 0.79 (d, J = 6.3 Hz, 3H, 20-CH3), 0.75 (d, J
= 6.8 Hz, 3H, 14-CH3) ppm.

13C NMR, HSQC, HMBC (151 MHz, DMSO-ds) dc 176.4 (1C, 1-COOH), 135.0 (1C, 16-Cy),
134.2 (1C, 13-CH), 134.0 (1C, 5-CH), 133.3 (1C, 9-CH), 132.8 (1C, 17-CH), 131.1 (I1C, 4-
CH), 131.0 (1C, 8-CH), 130.9 (1C, 12-CH), 81.2 (1C, 15-CH), 75.1 (1C, 11-CH), 74.9 (1C, 7-
CH), 73.9 (1C, 3-CH), 45.9 (1C, 2-CH), 44.5 (1C, 19-CH,), 42.5 (1C, 10-CH), 42.2 (1C, 6-
CH), 39.5 (1C, 14-CH), 31.9 (1C, 20-CH), 29.8 (1C, 21-CH,), 29.1 (1C, 18-CH), 21.8 (1C, 18-
CHs), 18.9 (1C, 20-CHs), 17.0 (1C, 14-CHs), 15.8 (1C, 10-CH3), 15.5 (1C, 6-CHs), 13.6 (1C,
2-CH3), 11.3 (1C, 22-CH3), 11.1 (1C, 16-CH3z) ppm.

HRMS (ESI) m/z: [M+Na]* Calcd for C20HsoO¢Na 517.3499; Found 517.3493.
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(4E,8E,12E,16EF)-2,3,7,11,15-pentahydroxy-2,6,10,14,16,18,20-heptamethyldocosa-
4,8,12,16-tetraenoic acid (2/Acrophialocin)

OH OH OH OH O
2 2 20, R 18 N 16 1412 10 8 6 X 4 2
H4C XY 15 X1 X7 X3 1 NOH
CH; CHz CHj3 CHj CHj CH3 HO CHj
20a 182 16a  14a 10a 6a 2a

[o]3) +50.2 (c 0.10, MeOH).
R;0.79 (MeOH).
IR (ATR): » [em™'] 3395, 3338, 2957, 2926, 2870, 1722, 1454, 1371, 1071, 1016, 974.

'H NMR, COSY (600 MHz, DMSO-ds) du 5.61-5.58 (m, 1H, 13-CH), 5.58-5.51 (m, 2H,
9-CH, 5-CH), 5.41 (ddd, J=15.7, 7.8, 1.2 Hz, 1H, 4-CH), 5.37-5.29 (m, 2H, 12-CH, 8-CH),
4.95 (d, J = 9.4 Hz, 1H, 17-CH), 4.58-4.47 (m, 2H, 2 x OH), 4.39 (d, J = 4.1 Hz, 1H, OH),
3.94 (d, J= 7.8 Hz, 1H, 3-CH), 3.79-3.72 (m, 2H, 11-CH, 7-CH), 3.46 (dd, J = 8.3, 3.6 Hz,
1H, 15-CH), 2.48-2.40 (m, 1H, 18-CH), 2.20-2.11 (m, 3H, 14-CH, 10-CH, 6-CH), 1.52 (d, J
=1.3 Hz, 3H, 16-CH), 1.27-1.16 (m, 3H, 21-CH>.4, 20-CH, 19-CH>.4), 1.14-1.07 (m, 1H, 21-
CHa), 1.07 (s, 3H, 2-CH3), 1.03-0.96 (m, 1H, 19-CH,5), 0.89 (d, J = 6.6 Hz, 3H, 18-CHs),
0.87 (d, J = 6.8 Hz, 3H, 6-CH), 0.87 (d, J = 6.8 Hz, 3H, 10-CH3), 0.80 (t, J= 7.3 Hz, 3H, 22-
CHs), 0.79 (d, J = 6.3 Hz, 3H, 20-CH3), 0.75 (d, J = 6.8 Hz, 3H, 14-CHs) ppm.

BBC NMR, HSQC, HMBC (151 MHz, DMSO-ds) dc 177.0 (1C, 1-COOH), 135.8 (1C, 5-CH),
135.0 (1C, 16-Cy), 134.2 (1C, 13-CH), 133.4 (1C, 9-CH), 132.8 (1C, 17-CH), 130.9 (2C, 12-
CH, 8-CH), 128.3 (1C, 4-CH), 81.1 (1C, 15-CH), 76.9 (1C, 3-CH), 76.3 (1C, 2-Cy), 75.1 (1C,
11-CH), 74.9 (1C, 7-CH), 44.5 (1C, 19-CHy), 42.4 (1C, 10-CH), 42.4 (1C, 6-CH), 39.4 (1C,
14-CH), 31.8 (1C, 20-CH), 29.8 (1C, 21-CHz), 29.1 (1C, 18-CH), 22.4 (1C, 2-CH3), 21.8 (1C,
18-CH3), 19.0 (1C, 20-CH3), 17.0 (1C, 14-CH3), 15.7 (1C, 10-CH3), 15.3 (1C, 6-CH3), 11.3
(1C, 22-CH3), 11.1 (1C, 16-CH3) ppm.

HRMS (ESI) m/z: [M+Na]* Calcd for C20HsoO7Na 533.3449; Found 533.3461.
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(4E,8E,12E,16E)-3,7,11,15-tetrahydroxy-18-(hydroxymethyl)-2,6,10,14,16,20-
hexamethyldocosa-4,8,12,16-tetraenoic acid (5/Malaysic acid)

OH OH OH OH O
2 2 20, R 18 N 16 1412 P 8 6 X 4 2
H4C XY 15 X1 X7 X3 1 NOH
CHj CH; CHj CHj CH3 CH3
20a 18a OH 16a 14a 10a 6a 2a

[o]3) +13.6 (c 0.05, MeOH).
R;0.70 (MeOH).

IR (ATR): ¥ [em™'] 3391, 3326, 2959, 2926, 2854, 1735, 1672, 1570, 1457, 1330, 1073, 1019,
967.

'H NMR, COSY (600 MHz, DMSO-ds) du 5.62-5.56 (m, 1H, 13-CH), 5.56-5.51 (m, 2H,
9-CH, 5-CH), 5.37-5.25 (m, 3H, 12-CH, 8-CH, 4-CH), 4.92 (d, /= 9.8 Hz, 1H, 17-CH), 4.58—
4.49 (m, 1H, OH), 4.46-4.33 (m, 2H, 2 x OH), 3.93-3.85 (m, 1H, 3-CH), 3.80-3.70 (m, 2H,
11-CH, 7-CH), 3.49 (t,J = 8.2 Hz, 1H, 15-CH), 3.25 (dd, J= 10.4, 5.9 Hz, 1H, 18-CHs.4), 3.17
(dd, J = 10.4, 6.9 Hz, 1H, 18-CHa ), 2.48-2.40 (m, 1H, 18-CH), 2.21-2.09 (m, 4H, 14-CH,
10-CH, 6-CH, 2-CH), 1.52 (d, J= 1.3 Hz, 3H, 16-CHs), 1.23-1.17 (m, 3H, 21-CHx.a, 20-CH,
19-CHa.4), 1.17-1.10 (m, 2H, 21-CHa.8, 19-CH>.8), 0.89 (d,.J = 7.0 Hz, 3H, 2-CH3), 0.88-0.84
(m, 6H, 10-CHs, 6-CHz), 0.80 (t, J = 7.3 Hz, 3H, 22-CH3), 0.79 (d, J = 6.0 Hz, 3H, 20-CHs),
0.75 (d,J = 6.9 Hz, 3H, 14-CHs) ppm.

13C NMR, HSQC, HMBC (151 MHz, DMSO-dg) dc 176.4 (1C, 1-COOH), 137.5 (1C, 16-Cy),
134.2 (1C, 13-CH), 133.9 (1C, 5-CH), 133.2 (1C, 9-CH), 131.0 (1C, 4-CH), 130.9 (1C, 8-CH),
130.9 (1C, 12-CH), 129.0 (1C, 17-CH), 81.3 (1C, 15-CH), 75.2 (1C, 11-CH), 74.8 (1C, 7-CH),
74.0 (1C, 3-CH), 65.4 (1C, 18-CHa), 45.9 (1C, 2-CH), 42.5 (1C, 10-CH), 42.2 (1C, 6-CH),
39.5(1C, 14-CH), 38.5 (1C, 19-CHa), 38.2 (1C, 18-CH), 31.6 (1C, 20-CH), 30.3 (1C, 21-CHa),
18.8 (1C, 20-CHs), 16.9 (1C, 14-CHs), 15.8 (1C, 10-CHz), 15.4 (1C, 6-CHs), 13.7 (1C, 2-CH3),
11.5 (1C, 22-CHs), 11.4 (1C, 16-CH3) ppm.

HRMS (ESI) m/z: [M—H]™ Calcd for C29H4907 509.3484; Found 509.3489.

The analytical data are in accordance with the literature'3.
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(4E,8E,12E,16E)-2,3,7,11,15-pentahydroxy-18-(hydroxymethyl)-2,6,10,14,16,20-
hexamethyldocosa-4,8,12,16-tetraenoic acid (1/Acrophialocinol)

OH OH OH OH O
2 2 20 Rs s 14 A2 10 2 8 6 2 4 2
HsC XY 15 X711 X7 X3 1 ~OH
HO
CH3 CH; CHj CH3 CHj CHg
20a 18a "OH16a 14a 10a 6a 2a

[o]3) +29.9 (c 0.11, MeOH).
R;0.79 (MeOH).
IR (ATR): » [cm™'] 3393, 3332, 2958, 2925, 2853, 1734, 1455, 1371, 1022, 970.

'HNMR, COSY (600 MHz, DMSO-ds) u 5.62-5.51 (m, 3H, 13-CH, 9-CH, 5-CH), 5.41 (ddd,
J=15.6,7.7, 1.2 Hz, 1H, 4-CH), 5.37-5.29 (m, 2H, 12-CH, 8-CH), 4.92 (d, J = 10.0 Hz, 1H,
17-CH), 4.60-4.48 (m, 2H, 2 x OH), 4.42-4.29 (m, 2H, 2 x OH), 3.92 (d, J = 7.7 Hz, 1H, 3-
CH), 3.81-3.71 (m, 2H, 11-CH, 7-CH), 3.48 (dd, J = 8.2, 3.4 Hz, 1H, 15-CH), 3.28-3.22 (m,
IH, 18-CHa.a), 3.21-3.13 (m, 1H, 18-CHaup), 2.47-2.40 (m, 1H, 18-CH), 2.21-2.10 (m, 3H,
14-CH, 10-CH, 6-CH), 1.54 (d,.J = 1.3 Hz, 3H, 16-CHz), 1.29-1.18 (m, 3H, 21-CHs.a, 20-CH,
19-CH>.4), 1.16-1.10 (m, 2H, 21-CH>., 19-CH>.B), 1.07 (s, 3H, 2-CH3), 0.87 (pseudo-d, J =
6.8 Hz, 6H, 10-CHs, 6-CHz3), 0.80 (t, J=7.3 Hz, 3H, 22-CH3), 0.78 (d, J = 6.0 Hz, 3H, 20-
CHs), 0.76 (d, J = 6.9 Hz, 3H, 14-CHs) ppm.

BBC NMR, HSQC, HMBC (151 MHz, DMSO-ds) éc 177.0 (1C, 1-COOH), 137.5 (1C, 16-Cy),
135.6 (1C, 5-CH), 134.2 (1C, 13-CH), 133.4 (1C, 9-CH), 130.9 (1C, 8-CH), 130.9 (1C, 12-
CH), 129.0 (1C, 17-CH), 128.5 (1C, 4-CH), 81.3 (1C, 15-CH), 76.9 (1C, 3-CH), 76.2 (1C, 2-
Cy), 75.2 (1C, 11-CH), 74.9 (1C, 7-CH), 65.4 (1C, 18-CH>), 42.4 (1C, 6-CH), 42.4 (1C, 10-
CH), 39.4 (1C, 14-CH), 38.5 (1C, 19-CH>), 38.2 (1C, 18-CH), 31.6 (1C, 20-CH), 30.3 (1C, 21-
CH»), 22.6 (1C, 2-CH3), 18.8 (1C, 20-CH3), 17.0 (1C, 14-CH3), 15.8 (1C, 10-CH3), 15.3 (1C,
6-CHs), 11.4 (1C, 22-CHs), 11.4 (1C, 16-CHs) ppm.

HRMS (ESI) m/z: [M+Na]* Calcd for C20HsoOsNa 549.3398; Found 549.3404.

The analytical data are in accordance with the literature!*.
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IV. 'H- and PC{'H}-NMR Spectra

OH OH OH

HsC X N A

g
$
I
]
H
5

1.39
] 0.99
o092 1

1.95 I
o136
1191

441 1

Figure S. 7: 'H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of Pre-Acrophialocin (4).

58

ES

IS
w

22



OH OH OH OH O

H3C N X X X OH
CH; CH3 CH3; CHj CHj, CHj, CHj,

1764

T T T T T T

T
100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure S. 8: BC{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of Pre-Acrophialocin (4).
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Figure S. 9: 'H-'H-COSY (DMSO-ds, 600 MHz, 294 K) of Pre-Acrophialocin (4).
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Figure S. 10: 'H-C{'H}-HSQC (DMSO-ds, 600 MHz, 294 K) of Pre-Acrophialocin (4).
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Figure S. 11: 'H-C{'H}-HMBC (DMSO-ds, 600 MHz, 294 K) of Pre-Acrophialocin (4).
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Figure S. 12: '"H-'"H-NOESY (DMSO-ds, 600 MHz, 294 K) of Pre-Acrophialocin (4).
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Figure S. 13: '"H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of Acrophialocin (2).
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Figure S. 14: BC{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of Acrophialocin (2).
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Figure S. 15: '"H-'H-COSY (DMSO-ds, 600 MHz, 294 K) of Acrophialocin (2).
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Figure S. 16: 'H-C{'H}-HSQC (DMSO-ds, 600 MHz, 294 K) of Acrophialocin (2).
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Figure S. 19: 'H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of Malaysic acid (5).
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Figure S. 20: BC{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of Malaysic acid (5).
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Figure S. 22: 'H-C{'H}-HSQC (DMSO-ds, 600 MHz, 294 K) of Malaysic acid (5).
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Figure S. 25: '"H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of Acrophialocinol (1).
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Figure S. 28: 'H-C{'H}-HSQC (DMSO-ds, 600 MHz, 294 K) of Acrophialocinol (1).
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ABSTRACT: Genome mining and heterologous reconstitution of
biosynthetic genes in Aspergillus oryzae enabled elucidation of the
hitherto elusive biosynthetic route that produces allantofuranone
(1), a bioactive natural product originally isolated from
Allantophomopsis lycopodina. The core non-ribosomal peptide —
synthetase (NRPS)-like enzyme AIfA of the alf BGC produces Allantophomopsis lycopodina Aspergillus oryzae
polyporic acid (2) from phenylpyruvic acid. In subsequent o P
reactions, compound 2 is reductively dehydrated by the bifunc-  Ho
tional enzyme AIfC and methylated by AIfD to produce terferol ‘
(6). In a final step, the quinol moiety of compound 6 is oxidatively O
cleaved and contracted by the aromatic ring cleavage dioxygenase 2
AlfB. Using combinatorial biosynthesis, we were able to manipulate

the biosynthetic route to yield hydroxylated pathway congeners, most notably the new natural products deoxyascocorynin (10),
hydroxyterferol (11), and hydroxyallantofuranone (12).

Heterologous reconstitution

on-ribosomal peptide synthetases (NRPSs) are multi- characterized in 2007 by Balibar et al. through in vitro

modular multidomain enzymes that catalyze the reconstitution of the biosynthetic enzymes® (Figure 1). The
ribosome-independent assembly of peptides from proteino- NRPS-like enzyme TdiA produces the benzoquinone dideme-
genic and non-proteinogenic amino acids as well as some other thylasterriquinone D from two molecules of indolepyruvate,
keto, hydroxy, and fatty acids." Canonical NRPS modules are which are provided for the reaction by the r-tryptophan
composed of at least an adenylation (A), thiolation (T), and aminotransferase TdiD. Next, the quinone reductase TdiC
condensation (C) domain that catalyze substrate activation, reduces the quinone core which is subsequently prenylated
tethering and peptide bond formation of adjacent T-domain- twice by the prenyltransferase TdiB. While the exact function
bound substrates, respectively.' In contrast to canonical of TdiE is not quite clear, it is required for formation of the
NRPSs, NRPS-like enzymes lack a C-domain and can be diprenylated product and preventing formation of a mono-O-
distinguished into reducing and non-reducing types, harboring prenylated shunt product.
either a terminal reductase (R) or thioesterase (TE) domain, More recently, Janzen et al. characterized the biosynthesis of
respectively.”’ Reducing NRPS-like enzymes are often the dibenzofurans uscandidusin A/B by first introducing the
involved in the reductive tailoring of natural products as in, entire ucd BGC into the heterologous host Aspergillus nidulans
eg, the biosynthesis of ascofuranone,” but can also produce and subsequently deleting biosynthetic genes to study their
metabolites of their own as is the case in the biosynthesis of function and isolate biosynthetic intermediates'® (Figure 1).

aspergillic and neoaspergillic and. Non-'reduqng NRPS'-hke The ucd BGC encodes an aminotransferase UcdG that is
enzymes cataly;g the condensation qf two identical gromatlc a- proposed to provide 4-hydroxyphenylpyruvate from 1-tyrosine
keto acids, facilitated by the terminal TE domain, to form for the NRPSike enzyme UcdA which produces the
various different cyclic core structures, i.e., benzoquinones,(’_10 benzoquinone atromentin (8). Next, the quinone core is

11-13 . 14,15 : .
furanones” " and dioxolanones (Figure 1). To this date, proposed to be reductively dehydrated by a bifunctional
no non-reducing type NRPS-like enzyme has been reported

that deviates from the aforementioned substrate scope, which
limits the diversity of resulting products. Instead, diversifica-
tion of NRPS-like enzyme derived metabolites is achieved
through downstream modifications introduced by tailoring
enzymes.

The biosynthesis of terrequinone A, the first natural product
reported to derive from an NRPS-like enzyme, was
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Figure 1. NRPS-like enzyme derived natural products. NRPS-like
enzymes catalyze the condensation of two identical aromatic a-keto
acids to afford various cyclic products. Increased product diversity is
achieved by subsequent tailoring as exemplified by the diversification
of benzoquinones.

enzyme UcdB resulting in formation of a 2,3,5-trihydrox-
yterphenyl intermediate, however, no biosynthetic intermedi-
ate could be observed. This proposed intermediate is
subsequently dimethylated, prenylated and hydroxylated in a
series of reactions catalyzed by UcdC, UcdD and UcdE to give
rise to the intermediates usterphenyllins A/B. These then
undergo spontaneous dibenzofuran formation to yield the final
products, which seems to be dependent on the m-
hydroxylation of the phenyl rings.

Furthermore, multiple other NRPS-like biosynthetic path-
ways have been elucidated including the biosynthesis of

aspulvinone H,'* butyrolactone I*'* and ascocorynin.'’ On the

other hand, many further natural products have been proposed
to derive from NRPS-like enzyme pathways, but their
biosynthesis has remained enigmatic as is the case for
involutin,'” thelephoric acid,'® variegatic acid'® and guignardic
acid.*® It is noteworthy, that the physiology of the host can
play a crucial role in the production of NRPS-like enzyme
derived products, as exemplified by the enzymatic or non-
enzymatic modification of benzoquinones in Aspergillus niger’
and A. nidulans.’

Allantofuranone (1) is produced by Allantophomopsis
Iycopodina and was first reported in 2009.”' It was initially
isolated because of its moderate antifungal activity against
some fungal species. Structurally, compound 1 resembles
butyrolactone Ila, however it is differently substituted at the
CS position. In a previous study, the biosynthesis of compound
1 was investigated by means of *C-labeling and feeding of a
difluorinated precursor, which hinted toward compound 1
originating from the benzoquinone polyporic acid (2)*
(Figure 1), which, similar to didemethylasterriquinone D and
atromentin (8), is also the product of NRPS-like enzymes such
as AcyN and CorA.'”"® Therefore, the furanone moiety in
compound 1 is proposedly produced via post-synthesis ring
contraction which is in contrast to the direct furanone
formation in butyrolactone Ila and aspulvinone E. The genetic
basis of allantofuranone (1) biosynthesis has so far been
elusive and especially the unique ring contraction sparked our
interest. To our knowledge, no enzymes involved in the ring
contraction of NRPS-like enzyme derived natural products
have been reported to date.

Here, we report the identification of the BGC responsible
for allantofuranone (1) biosynthesis in A. Iycopodina.
Heterologous reconstitution of biosynthetic genes in Aspergil-
Ius oryzae OP12 allowed for the elucidation of the biosynthetic
pathway, which involves dioxygenase-catalyzed ring contrac-
tion to produce the furanone moiety found in compound 1. By
employing precursor-directed combinatorial mutasynthesis, it
was furthermore possible to produce a new hydroxylated
analogue of compound 1 and other mono- and dihydroxylated
pathway intermediates.

B RESULTS AND DISCUSSION

Identification of a Candidate Biosynthetic Gene
Cluster. The genome of A. lycopodina was sequenced in
order to investigate the biosynthetic origin of allantofuranone
(1). antiSMASH™® analysis revealed two biosynthetic gene
clusters containing non-reducing NRPS-like enzymes, one of
which was investigated due to the predicted functions of
adjacent genes. Besides the NRPS-like enzyme alfA, the alf
cluster (accession number PQ25681S) encodes a 3-deoxy-p-
arabinoheptulosonate-7-phosphate (DAHP)-synthase (alfS),

Table 1. Proposed Function of alf Cluster Genes

gene size (aa) BlastP hit” identity (%)
alfs 387 CI9K7C8.1 54.25
alfB 278 AOAOF7CUES.1 36.27
alfR 519 B8NOF0.1 2571
alfA 930 POWES4.1 69.58
alfC 306 P63936.1 24.26
alfD 433 QOCS95.1 41.96

E value proposed protein function
1x 1071 DAHP synthase
3.00 X 107% aromatic ring cleavage dioxygenase
2.00 X 107 C6-TF
0.0 NRPS-like enzyme (A-T-TE)
3.00 x 1077 dehydrogenase
3.00 x 1077 O-methyltransferase

“Uniprot as reference database, manually curated choice (best, characterized fungal hit if possible).
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an aromatic ring cleavage dioxygenase (alfB), a zinc-binding
transcription factor (alfR), a dehydrogenase (alf C), and an O-
methyltransferase (alf D) (Table 1 and Figure 2).
Elucidation of Allantofuranone Biosynthesis. In order
to elucidate the biosynthesis of allantofuranone (1), genes
encoded in the alf cluster were sequentially reconstituted in the
heterologous host Aspergillus oryzae OP12. The resulting
mutant strains were analyzed for the production of metabolites
absent from the empty plasmid control strain and their
respective parental strains (Figure 3). Newly produced
metabolites were purified for structure elucidation.

46 5

A lycopodina

alfACDB

alfACD

alfAC

alfA

control

standards

12 13 14 15 16 17
t [min]

Figure 3. Heterologous reconstitution of allantofuranone (1)
biosynthesis in A. oryzae OP12. Chromatograms (250 nm) of culture
filtrate extracts of OP12 mutant strains expressing alf genes, A.
lycopodina, and standards. Control, OP12 transformed with empty
plasmid.

Heterologous expression of solely the NRPS-like encoding
gene alfA resulted in the production of polyporic acid (2), the
presumed precursor of allantofuranone (1),> reinforcing the
hypothesis, that the alf cluster is indeed involved in the
biosynthesis of allantofuranone (1). Next, coexpression of alfA
and the predicted dehydrogenase gene alfC resulted in
formation of the major product deoxypolyporic acid (4) and
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the 5,5-linked symmetric deoxypolyporic acid dimer (5), which
has not been reported in literature before. We hypothesized
that production of compound 4 likely proceeds via the
unstable 2,3,5-trihydroxyterphenyl intermediate 3, which either
reoxidizes or dimerizes in the presence of O, (Figure S.4).
Indeed, reduction and dehydration of compound 2 to
compound 3 as well as the spontaneous reoxidation of
compound 3 to compound 4 has previously been reported in
the biosynthesis of bacterial echosides, where these reactions
are catalyzed by two distinct but collaborating enzymes>***
(Figure S.5). By comparison, alfC combines both these
functionalities, catalyzing the reductive dehydration of
compound 2 to compound 3. Analogously, reductive
dehydration of the related benzoquinone atromentin (8) was
previously proposed in the biosynthesis of uscandidusins
catalyzed by UcdB (accession number KIA75357.1; Figure
$.5),'* which shares 41.16% homology with AlfC (E value:
3.00 X 1077%).

Additional coexpression of the O-methyltransferase coding
gene alfD alongside alfAC resulted in the production of
terferol (6), an O-methylated derivative of the proposed
intermediate 3. The methylation seems to stabilize the reactive
p-terphenyl core, as apparent by the absence of dimeric shunt
products. Lastly, additional coexpression of the aromatic ring
cleavage dioxygenase encoding gene alfB resulted in the
production of allantofuranone (1), which implies the oxidative
cleavage of compound 6 and subsequent rearrangement of the
linear intermediate into the furanone scaffold. Based on these
findings the biosynthetic pathway of compound 1 is proposed
as depicted in Scheme 1.

Aromatic ring cleavage dioxygenases are frequently encoun-
tered in catabolic pathways for the degradation of aromatic
compounds,”**” but to our knowledge have not been reported
in natural product biosynthesis as of yet. These enzymes
catalyze the ring fission of catecholic substrates by cleaving the
aromatic ring either ortho (intradiol dioxygenases) or meta
(extradiol dioxygenases) to the hydroxyl functionalities™**’
(Figure S.6). Based on the cleavage pattern AlB can be
categorized as an extradiol-dioxygenase and the cleavage of
compound 6 can be compared to the cleavage of
polychlorinated-biphenyls by the extradiol-dioxygenase BphC
from Pseudomonas sp.>® (Figure S.6).

In the p-ketoadipate pathway the intradiol-cleavage of
catecholic substrates results in formation of linear muconic
acid intermediates, which are subsequently lactonized by
cycloisomerases prior to further degradation.””’ These
muconolactones structurally resemble the scaffold of allanto-
furanone (1) (Figure S.6) and indeed the muconolactone
moiety can be found in a variety of other natural products as
well, such as pochoniolides,” terphyl (di-) acid®' and
terphenolide.‘”‘ Therefore, the adoption of aromatic ring
cleavage dioxygenases into secondary metabolism does not
seem to be unique to allantofuranone (1) biosynthesis.
Whether or not the lactonization of compound 1 from the
proposed linear intermediate occurs spontaneously or is

https/doi.org/10.1021/acs jnatprod.5c00197
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Scheme 1. Proposed Biosynthetic Pathway for Allantofuranone (1) in A. lycopodina
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Figure 4. Combinatorial biosynthesis of hydroxylated allantofuranone (1) analogues in A. oryzae OP12. Chromatograms (250 nm) of culture
filtrate extracts of OP12 mutant strains expressing alf genes and either AsMOG6277 or atrA and standards. () Uncharacterized dimer.

favored by AlfB remains elusive. Notably, muconolactones can
be spontaneously formed from 2- or 4-alkyl-substituted
phenols via their respective muconic acid intermediates when
phenols are oxidatively degraded with H,0, (Figure S.6).”*

An interesting aspect of the allantofuranone (1) biosynthetic
pathway is the high reactivity of the biosynthetic intermediate
3, resulting in the formation of various dimers in the
heterologous host. Similarly, this likely also gives rise to the
hybrid terphenyl-naphthalene pigments reportedly produced
by A. lycopodina.®* This exemplifies a novel type of fungal
pigment that is based on the product of an NRPS-like enzyme.
While many fungi produce pigments that are based on
polymerization of DHN, YWAL, or L.-DOPA, Aspergillus terreus
has previously also been reported to produce a non-canonical
conidial pigment derived through activation and polymer-
ization of the NRPS-like enzyme product aspulvinone E.'
Therefore, the biosynthetic pathway of allantofuranone (1)
might serve an additional purpose in A. lycopodina i.e.,
protection against ultraviolet (UV) light through production
of off-pathway hybrid pigments.

Lastly, it is noteworthy that the isolated yield of compound 1
from OP12_alfACDB (110 mg/1 L) exceeded the isolated
yield from the natural producer previously reported (191.3
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mg/20 L) by 11-fold,”" showcasing the power of heterologous
expression for natural product synthesis.

Combinatorial Mutasynthesis of Allantofuranone
Analogues. In previous studies it was demonstrated, that
the diversity of NRPS-like enzyme derived products can be
expanded by employing combinatorial biosynthesis.”'>*
Inspired by these approaches, we attempted to exploit the alf
biosynthetic genes for precursor-directed mutasynthesis to
yield new natural products (Figures 4 and Scheme 2). Since it
was previously shown that difluorinated compound 2 can be
converted into difluorinated compound 1,>* we hypothesized
that the tailoring enzymes downstream of AIfA might also
accept ascocorynin (7) and atromentin (8), mono- and
dihydroxylated congeners of compound 2, resulting in the
formation of hydroxylated analogues of the natural pathway
intermediates. To this end, the polyporic acid monooxygenase
coding gene AsMO6277 from Ascocoryne sarcoides, which was
previously reported to convert compound 2 to compound 7,"°
was introduced into all previously established OP12_alf
mutants. Additionally, OP12 mutants harboring the atromen-
tin (8) synthetase atrA®® from A. terreus instead of alfA
alongside the other alf genes were constructed. Again, all
resulting mutant strains were analyzed for the production of

https/doi.org/10.1021/acs jnatprod.5c00197
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Scheme 2. Proposed Mutasynthetic Pathway for Hydroxylated Allantofuranone (1) Analogues
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metabolites and new products were purified for structure
elucidation.

As already previously reported, the coexpression of alfA and
AsMO06277 in OPI2 led to the production of ascocorynin
(7)."° Coexpression of AsMOG6277 alongside alfAC led to the
production of the new natural product deoxyascocorynin (10),
which is a monohydroxylated congener of compound 4.
Interestingly, only one position isomer of compound 10 is
produced, suggesting AlfC either preferring or only accepting
one orientation of substrate 7. Production of compound 10 is
proposed to proceed via the unstable intermediate 9 and
similar to OP12_alfAC, OP12_alfAC/AsMOG6277 also pro-
duced dimers. The mutant strain OP12_alfACD/AsMO6277
produced the new natural product hydroxyterferol (11), which
as expected is a monohydroxylated analogue of compound 6.
Finally, additional coexpression of alfB resulted in the
production of the new monohydroxylated allantofuranone
analogue hydroxyallantofuranone (12). The allantofuranone
(1) biosynthetic machinery was shown to be promiscuous
enough to accept ascocorynin (7), a monohydroxylated
analogue of the first biosynthetic intermediate polyporic acid
(2), which allowed for the production of the new-to-nature
natural products 10, 11, and 12 (Scheme 2).

Next, we reconfirmed that expression of solely atrA in OP12
did result in the production of atromentin (8) as previously
reported.*® Coexpression of atrA with alfC resulted in the
production of compound 14. Unfortunately, despite multiple
attempts, we were not able to purify compound 14 for
structure elucidation, as it was extremely unstable, decompos-
ing and/or dimerizing during the extraction/purification
workflow. The identity of compound 14 is proposed as the
dihydroxylated congener of compound 4, which is in line with
the detected mass of 307 Da [M — H*] and the similarity of
the ultraviolet/visible (UV/vis) spectra of compounds 14 and
10 (Figure S.1).
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Successful conversion of compound 8 to compound 14 was
unexpected, as previously only one position isomer of
compound 10 was produced from compound 7 by AIfC.
Therefore, while the hydroxyl moieties in either position do
not seem to hinder conversion, AIfC might have a stronger
affinity toward one substrate orientation when presented with
compound 7. Again, we propose production of compound 14
to proceed via oxidation of intermediate 13, which seems to be
even more unstable compared to proposed intermediates3 and
9. Interestingly, while the biosynthesis of uscandidusins A/B is
proposed to progress via intermediate 13, production of
compound 14 was not observed in the heterologous host A.
nidulans.'® This might be due to the high reactivity of
compound 13, which in the presence of other molecules might
result in the formation of insoluble or undetectable conjugates
in analogy to the formation of terphenyl-naphthalene hybrid
pigments in A. lycopodina discussed earlier.

Additional coexpression of alfD along atrA and alfC did
successfully result in the production of dihydroxyterferol (15),
a compound which had previously only been produced
synthetically’” but not described as a natural product.
Unfortunately, OP12_atrA/alfCDB did not produce a
dihydroxylated analogue (16) of allantofuranone (1) (Figure
S.7), therefore the substrate promiscuity of AlfB seems to be
limited. The discrepancy between conversion of monohy-
droxylated intermediate 11 but non-conversion of dihydroxy-
lated intermediate 15 was unexpected, as difluorinated
compound 2 was previously reported to be converted to
difluorinated compound 1.** However, oxygen is both bigger
in size and more prone to polar interactions, which might
interfere with the catalytic activity of AlfB. This bottleneck
could be overcome in the future by additionally employing
enzyme engineering. Similarly, engineering of AIfC might allow
for accessing the other position isomers of compounds 10, 11,
and 12.

https/doi.org/10.1021/acs jnatprod.5c00197
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Table 2. Antimicrobial Activity of Purified Compounds”

MIC (pug/mL)

organism 1 2 4
Magnaporthe oryzae (H,0)" 50 - -
Magnaporthe oryzae (CM)"” S0 S0 >100
Botrytis cinerea” >1007 >100 >100
Fusarium graminearum” - - -
Aspergillus oryzac” >100 - -
Candida albicans* - - >100
Phytophthora infestans® >100 100 s
Staphylococcus aureus’ - 50 -
Pseudomonas aeruginosa® - - -
Aneurinibacillus migulanus* - - 10

Enterobacter cloacae subsp. dissolvens”

B 6 7 8 10 11 12 15
50 5 50 - 50 50 - -
50 10 50 - 10 50 - -
- 100 - - 10 100 - >100
- 10 - - 50 50 - -
- - - - 100 - - -
- 100 - - 10 100 - -
- 50 - - s 50 - -
- 50 - - 100 50 - 100
50 50 - - 50 50 - 50

“Ciclopirox (100 yg/mL) was used as a positive control, fully inhibiting germination and growth of all tested fungi and oomycetes. Streptomycin
(100 pg/mL) and tetracycline (100 yg/mL) were used as positive controls (separately), fully inhibiting the growth of all tested bacteria. “Inhibition
of conidial germination. “Inhibition of growth. dPartially inhibited at maximum test concentration. “No activity at 100 yg/mL.

Notably, the yield of atromentin (8) derived analogues were
far lower as compared to the natural allantofuranone (1)
pathway intermediates. This is likely due to a decreased
availability of the substrate 4-hydroxyphenylpyruvic acid as
compared to phenylpyruvic acid in the heterologous host. In
future efforts this limitation could be overcome by additionally
coexpressing a tyrosine transaminase such as ucdG. Indeed,
deletion of ucdG from the uscandidusin BGC in the
heterologous host A. nidulans led to a slight decrease in
metabolite production.'® Multiple other NRPS-like BGCs have
been reported to encode specific transaminases for providing
a-keto acids to the NRPS-like enzymes such as TdiD in the
terrequinone A BGC of A. nidulans’® and AtrD in the
atromentin (8) BGC of Tapinella panuoides.”

Lastly, there are numerous other benzoquinone and
terphenyl natural products that contain unique modifications,
the biosynthetic origin of which have not been characterized as
of yet, but once elucidated can potentially also be harnessed for
combinatorial biosynthesis in the future. Among others, these
include various methylations, hydroxylations, C- and O-
prenylations, cyclized prenyl moieties and the previously
mentioned proximal muconolactone moieties.***

Structure Elucidation of Purified Compounds. All
purifed compounds have been characterized using one-
dimensional (1D) and two-dimensional (2D) nuclear magnetic
resonance (NMR) as well high-resolution electrospray
ionization mass spectrometry (HRESIMS). Allantofuranone
(1) and six more compounds (2, 4, 6—8, and 15) have
previously been described and their analytical data is in
accordance with the literature.

Deoxypolyporic acid dimer (5) was found to have a
molecular formula of CyH,,04 by HRESIMS. The NMR
spectra were very similar to those of deoxypolyporic acid (4).
The molecular formula and the high similarity indicated a
symmetrical homodimer of compound 4. This was confirmed
by the lacking of the quinone methine group (5y 6.88, 8¢
133.4) and an additional quaternary carbon atom (¢ 140.0).
Deoxyascocorynin (10) had an elemental formula of C,sH;,0,
according to HRESIMS. Again, the NMR spectra showed
similarity to those of compound 4. The molecular formula
indicated an additional hydroxyl group and one phenyl residue
gave an AA'BB’ spin system. Thus, it could be concluded that
one of the phenyl residues was p-hydroxylated. Characteristic
%] heteronuclear multiple bond correlations (HMBCs) (6.78
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— 123.1, 747 — 141.7) and an nuclear Overhauser effect
(NOE) (6.78 <> 7.47) showed that the aryl residue was facing
the quinone methine group. Hydroxyterferol (11, Cj,H,,0,)
was analyzed analogously to compound 10. The central ring of
the terphenyl scaffold could be exhaustingly characterized by
HMBC correlations from 3-OH (8.17 — 117.0, 144.9, 136.1),
4-OH (791 — 1449, 136.1, 127.8), and 1-OMe (3.59 —
150.3). Again,’J HMBC correlations (6.35 — 129.5) and NOE
(6.35 < 7.42) proved a substitution pattern corresponding to
compound 10. Hydroxyallantofuranone (12) had an elemental
formula of CyyH;cO4 according to HRESIMS. The spectra
showed high similarity to those of allantofuranone (1) with
one phenyl residue again giving an AA'BB’ spin system.
Together with the molecular formula, it could be concluded
again that one phenyl residue was p-hydroxylated. Its location
was determined by HMBC to be connected to the ketone
(7.72 > 192.3) while the other phenyl residue showed a
correlation into the furanone ring (7.83 — 121.3).
Biological Activity of Purified Compounds. The
antimicrobial activity of the purified compounds was assessed
in routine bioassays, covering germination inhibition of
filamentous ascomycetes including various plant pathogenic
species, growth inhibition of dimorphic human pathogenic
yeast Candida albicans, potato blight oomycete Phytophthora
infestans and some bacterial strains including human
pathogenic Staphylococcus aureus and Pseudomonas aeruginosa
(Table 2). Ciclopirox (100 yg/mL) was used as an experiment
positive control, fully inhibiting germination and growth of all
tested fungi and P. infestans. Streptomycin (100 ug/mL) and
tetracycline (100 pg/mL) were used as experiment positive
controls, fully inhibiting growth of all tested bacteria. Apart
from compound 12, all compounds exhibited some, mostly
mild bioactivity in the performed assays. The most noteworthy
activities include the anti-Phytophthora activity of compound 4
at an MIC of S pg/mlL, the germination inhibitory activity of
compound 6 against Fusarium graminearum at a MIC of 10 ug/
mL and the anti-Candida and anti-Phytophthora activity of
compound 10 with MICs of 10 and S pg/mL, respectively.
However, as these compounds are not only active against one
species, but broadly active instead (even across domains), none
of the purified compounds poses a valuable drug lead.
Interestingly, comparing compounds 4 and 10, hydroxylation
did improve activity in some assays up to 10-fold (antifungal
activity against C. albicans) and decreased activity in others,

https/doi.org/10.1021/acs jnatprod.5c00197
J. Nat. Prod. 2025, 88, 1191-1200



Journal of Natural Products

pubs.acs.org/jnp

showcasing the effect of even minor molecular changes on
bioactivity.

H SUMMARY

In summary, the allantofuranone (1) biosynthetic gene cluster
was identified in A. lycopodina through genome mining and
biosynthesis was elucidated through heterologous reconstitu-
tion in A. oryzae OP12. Our results confirm the previous
finding that the biosynthesis of compound 1 progresses via
polyporic acid (2) as the first intermediate. The bifunctional
enzyme AlfC catalyzes benzoquinone to p-terphenyl con-
version through reductive dehydration. The unstable inter-
mediate 3 either spontaneously reoxidizes to compound 4,
dimerizes to compound $, reacts with naphthalene-compounds
to form a novel type of hybrid pigment, or is stabilized through
O-methylation by AlfD. In a final reaction, AlfB oxidatively
cleaves the p-terphenyl core of intermediate 6 which is
subsequently rearranged to afford the final furanone scaffold in
compound 1. Additionally, we report combinatorial mutasyn-
thesis of new hydroxylated analogues of natural pathway
intermediates (10, 11, and 12), highlighting the potential of
engineering biosynthetic pathways in accessing non-natural
chemical diversity.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotation measure-
ments were accomplished with a PerkinElmer 241MC polarimeter at
A = 589 nm. A solvent-filled cuvette was used for instrument
calibration.*® UV /vis spectra of compounds were extracted from high-
performance liquid chromatography (HPLC) runs (Figure S.1).
Infrared spectroscopy was performed on a Bruker Tensor 27 FTIR
spectrometer including a diamond ATR unit and is reported in terms
of absorption frequency ¥ (cm™"). NMR spectra were recorded at 294
K on a 600 MHz Bruker Avance-III 600 spectrometer equipped with a
5 mm TCI cryoprobe. 'H and *C chemical shifts are given relative to
tetramethylsilane (TMS). 'H shifts were calibrated using the residual
solvent signal (CDCly: 7.26 ppm; DMSO-dg: 2.50 ppm).*” 3C shifts
were calibrated using absolute reference from the 'H spectra. HRMS
was conducted on an Agilent G6545A Q-ToF with ESI, APCI or
APPI source coupled with an Agilent 1260 Infinity II HPLC system.
For analytical thin-layer chromatography (TLC) 0.25 mm silica plates
(60 F254) from Merck were used, and the detection was reached by
fluorescence quenching under UV light (4 = 254 nm) or by staining
with potassium permanganate reagent (solution of KMnO, (3 g),
K,CO, (20 g), 5% NaOH (5 mL), and H,O (300 mL)) followed by
heating at 400 °C. HPLC—MS analysis was performed using a
LiChrospher 100 RP-18 column (125 X 2 mm, 4 ym, Merck KGaA)
attached to an Agilent DAD 1260 module and a Quadrupole LC/MS
6130 module. For analytical runs, 0.1% formic acid in H,O and
acetonitrile (ACN) were used as eluents, running a gradient from 1%
to 100% ACN in 20 min followed by 100% ACN for 4 min at 0.4 mL/
min flow before re-equilibrating. Preparative HPLC was performed
using a Sunfire C18 column (100 A, S pum, 19 X 250 mm, Waters
GmbH) running on isocratic flow using 0.1% formic acid in H,O and
ACN as eluents at 17 mL/min flow.

Fungal Strains and Cultivation Conditions. A. lycopodina
IBWFS8B-05A and A. oryzae OP12 were routinely cultivated on YMG
(0.4% yeast extract, 1% malt extract, and 1% glucose at pH 5.5) and
GG10 (50 mM glucose, 10 mM glutamine, 0.52 g/L KCl, 0.52 g/L
MgSO,7H,0, and 1.52 g/L KH,PO,; 1 mL/L Hutner’s trace
elements; pH 6.5), respectively. Media for auxotrophic mutants were
supplemented with 10 mM uridine (OP12 pyrG™ and counterselected
mutants) or 10 mM uridine, 0.0001% p-aminobenzoic acid (PABA)
and 0,05% arginine (OP12 3A). For induction of expression, OP12
mutant strains were cultivated in 2% starch media (2% soluble starch,

20 mM glutamine, 0.52 g/L KCl, 0.52 g/L MgSO,-7H,0, and 1.52 g/

1197

L KH,PO,; 1 mL/L Hutners trace elements; pH 6.5). All mutant
strains used in this study are listed in Table S.1.

Genome Sequencing and Bioinformatic Analysis. For
isolation of genomic DNA, lyophilized mycelium of A. lycopodina
was extracted with the GeneJET Plant Genomic DNA Purification Kit
(Thermo Scientific) according to the manufacturer’s instructions.
Whole genome sequencing was performed by the Institut fir
Molekulargenetik NGS-Einheit, Mainz, Germany, using a genome
sequencer Illumina HiSeq 2500 to generate 5929011 paired end
reads with a length of 150 nucleotides each. The genome was
assembled by using the Software SPAdes’” version 3.15.4 to a total
length of 39284797 bp in 4383 contigs with an NSO value of 73. Gene
prediction was performed by using AUGUSTUS version 3.4.0°" and
resulted in 8752 open reading frames. The set of predicted genes was
used in antiSMASH version 6.1.17° analysis that revealed 39 BGCs.
The alf BGC was further analyzed using BLAST*? and Interpro.”

Plasmid Construction. QS Hot Start High-Fidelity DNA
Polymerase (NEB) was used for all PCR amplifications according
to the manufacturer’s instructions, PCR products were purified with
Monarch PCR & DNA Cleanup Kit (NEB) and plasmids assembled
using NEBuilder HiFi DNA Assembly (NEB). Oligonucleotides for
all amplification reactions are listed in Table S.2. Coding sequences of
alfA, alfB, alfC, alfD, AsMO6277, and atrA were amplified from
genomic DNA of A. lycopodina, A. sarcoides DSM 4705, and A. terreus
FGSC A1156 and assembled into Neol restricted SM-Xpress Ura.”
Additionally, avlf C and alfD amplicons were assembled into Ncol SM-
Xpress_paba'’ and SM—XpressiargB(mut),54 respectively. The
general cloning strategy is schematically depicted in Figure S.2.
Escherichia coli DHSa cells (NEB) were used to propagate assembled
plasmids. Plasmids were isolated using the Monarch Plasmid
Miniprep Kit (NEB) and correct assembly was confirmed by
enzymatic restriction.

Construction of A. oryzae OP12 Mutant Strains. A. oryzae
OPI12 (pyrG™ and 3A) protoplast transformations were carried out as
previously described.”*" Mutants were constructed by sequentially
introducing one plasmid at a time. The URA-cassette in the SM-
Xpress_Ura plasmid complements the uridine auxotrophy of OP12,
therefore allowing for selection of prototrophic mutants. In between
transformations mutant strains were counterselected to reobtain
uridine auxotrophy to allow reuse of the same selection marker.
Despite multiple efforts, we were unable to counterselect OP12_atrA/
alf CD while maintaining production of compound 15. Therefore, we
reconstructed OP12_atrA/alfCD in the triple auxotrophic strain
OP12 3A (pyrG™, ApabA, AargB)** by simultaneously introducing
atrA, alfC, and alfD resulting in strain OP12(3A)_ atrA/alfCD,
which we were able counterselect to subsequently obtain the strain
OP12(3A)_ atrA/alf CDB. Integration of genes was confirmed by
diagnostic PCR using the Phire Green Hot Start II PCR Master Mix
(Thermo Fisher) (Figure S.3).

Counterselection. Uridine prototrophic (pyrG*) mutants were
counterselected on S-FOA plates (GG10 supplemented with 2 mg/
mL FOA, S0 mM HEPES at pH 7.0, and 20 mM uridine) as
previously described.”* Resulting uridine auxotrophic (pyrG™)
mutants were then again analyzed for secondary metabolite
production before subsequent transformations.

Fermentation, Extraction, and Metabolite Purification. For
screening metabolite production A. oryzae OP12 mutant spores were
inoculated into 50 mL 2% starch media and cultivated shaking at 150
rpm for 2 days at 30 °C. Cultures were then filtered over miracloth,
and the culture filtrate acidified with HCl (helps with solvent
solubility of benzoquinones and terphenyls) before liquid/liquid
extraction with an equal amount of ethyl acetate. The organic layer
was filtered through anhydrous Na,SO, and dried under reduced
pressure at 45 °C. Extracts were dissolved in MeOH, centrifuged and
applied to HPLC—MS analysis.

For product isolation, mutant spores were first inoculated into 50
mL YEPD media (1% yeast extract, 2% peptone, and 0.5% glucose at
pH 6.5) and incubated shaking at 150 rpm overnight at 30 °C. The
mycelium was then rinsed with sterile water and transferred toa 1 L
2% starch media main culture and incubated shaking at 120 rpm for

https/doi.org/10.1021/acs jnatprod.5c00197
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another 3 days at 28 °C. Culture filtrate was extracted as previously
described. For purification of compound 10, the media was
supplemented with 10 g of HP20 resin to prevent excessive
dimerization and decomposition. Instead of extracting the culture
filtrate, in this case, the mycelium and resin were extracted instead by
submersion in ethyl acetate and shaking for 2 h. Dried extracts were
dissolved in DMSO and applied to preparative HPLC. Eluent
composition for purification of different compounds is listed alongside
pure substance yields in Table 3. Fractions containing the compounds
of interest were combined and dried under reduced pressure at 45 °C.

Table 3. Eluent Composition Preparative HPLC and
Compound Yields

compound ACN (%) yield (mg)
1 55 110.0
2 70 52
4 55 192
N AN 174
6 S0 313
7 45 50.8
8 30 14.0
10 40 262
11 40 282
12 40 54.5
15 30 53

Allantofuranone (1): off-white yellowish amorphous solid; [a]f
+1.3 (c = 0.15, MeOH); R; 0.21 (‘Hex/EtOAc 3:1); IR (ATR):
[em™'] 2935, 1763, 1681, 1597, 1448, 1388, 1359, 1302, 1177, 114S;
HRESIMS m/z 323.0934 [M — H]™ (caled for [C,H,O0]”
323.0925); 'H and 3C NMR see Table S.3. The analytical data are
in accordance with the literature.”*

Polyporic acid (2): red/brown/bronze amorphous solid; R; 0.16
(DCM/MeOH/AcOH 10:1:0.5); IR (ATR) ¥ [cm™'] 3306, 2916,
2851, 1613, 1595, 1524, 1497, 1399, 1248, 1002; HRESIMS m/z
291.0668 [M — H]~ (caled for [CysH,,0,]™ 291.0663); 'H and *C
NMR, see Table S.5. The analytical data are in accordance with the
literature.”

Deoxypolyporic acid (4): vibrant red powder; R 0.35 (‘Hex/
EtOAc 3:1); IR (ATR) ¥ [cm™'] 3358, 2920, 1665, 1625, 1520, 1493,
1440, 1397, 1116, 1023; HRESIMS m/z 275.0721 [M — H]~ (caled
for [CisH;,05]” 275.0714); 'H and 3C NMR, see Table S.S. The
analytical data are in accordance with the literature.>

Deoxypolyporic acid dimer (5): red/brown amorphous solid; R
0.13 (‘Hex/EtOAc 3:1); IR (ATR) ¥ [cm™'] 3366, 2923, 1659, 1526,
1493, 1440, 1369, 1297, 1133, 1019; HRESIMS m/z 549.1342 [M —
H]™ (caled for [C36H,,04]” 549.1344); 'H and '3C NMR, see Table
S.S.

Terferol (6): purple oil; R; 0.40 (“‘Hex/EtOAc 3:1); IR (ATR) ¥
[em™'] 3355, 2929, 2851, 1598, 1414, 1371, 1304, 1227, 1106, 1068;
HRESIMS m/z 291.1037 [M — H]~ (caled for [C,oH,505]™
291.1027); 'H and *C NMR, see Table S.4. The analytical data are
in accordance with the literature.”’

Ascocorynin (7): green/gold powder; R; 023 (DCM/MeOH/
AcOH 10:1:0.5); IR (ATR) 7 [em™'] 3308, 2922, 1610, 1517, 1319,
1310, 1242, 997, 946, 721; HRESIMS m/z 307.0624 [M — H]~
(caled for [CH,,05]™ 307.0612); 'H and *C NMR, see Table S.5.
The analytical data are in accordance with the literature.”

Atromentin (8): red/brown/bronze amorphous solid; R 0.08
(DCM/MeOH/AcOH 10:1:0.5); IR (ATR) ¥ [em™'] 2922, 2851,
1606, 1581, 1516, 1437, 1404, 1377, 1236, 1017; HRESIMS (ESI) m/
2323.0566 [M — H]~ (caled for [CysH,,06]™ 323.0561); 'H and *C
NMR, see Table S.5. The analytical data are in accordance with the
literature.*”

Deoxyascocorynin (10): red/brown amorphous solid; Ry 0.11
(‘Hex/EtOAc 3:1); IR (ATR) ¥ [em™'] 3251, 2929, 1660, 1625,
1514, 1494, 1439, 1365, 1347, 1113; HRESIMS m/z 291.0673 [M —
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H]™ (caled for [CgH,,0,]™ 291.0663); 'H and '*C NMR, see Table
S.S.

Hydroxyterferol (11): brown/bronze amorphous solid; R 0.11
(‘Hex/EtOAc 3:1); IR (ATR) ¥ [em™'] 3313, 1611, 1517, 1412,
1271, 1233, 1065, 1015, 951, 700; HRESIMS m/z 307.0986 [M —
H]"™ (caled for [C,oH,0,]™ 307.0976); 'H and *C NMR, see Table
S4.

Hydroxyallantofuranone (12): off-white amorphous solid; [a]}'
+0.6 (c = 0.48, MeOH); R 0.06 (‘Hex/EtOAc 3:1); IR (ATR)
[em™L] 2935, 1760, 1688, 1601, 1582, 1287, 1223, 1169, 1016, 951;
HRESIMS m/z 339.0883 [M — H]~ (caled for [C,oH,04]™
339.0874); 'H and *C NMR, see Table S.3.

Dihydroxyterferol (15): off-white/gray amorphous solid; R; 0.33
(‘Hex/EtOAc 1:1); IR (ATR) ¥ [em™] 3220, 1610, 1514, 1437,
1269, 1232, 1173, 1015, 951, 835; HRESIMS m/z 323.0933 [M —
H]™ (caled for [CoH O]~ 323.0925); 'H and '*C NMR, see Table
S:4. The analytical data are in accordance with the literature.””

Bioactivity Assays. Germination Inhibition of Ascomycete
Fungi. Conidia of Magnaporthe oryzae 70-1S, Botrytis cinerea DSM
0877, Fusarium graminearum DSM 21727, and A. oryzae RIB40 were
harvested from properly grown agar plates and diluted in 2% malt
extract media to a final concentration of 1 X 10° conidia/mL. A total
of 200 uL of the solution were added to wells of a 96-well plate
containing different concentrations of compounds. The plates were
then incubated overnight at room temperature and conidia
germination evaluated using a microscope. Ciclopirox (100 yg/mL)
served as positive control.

Growth Inhibition of Dimorphic Yeast C. albicans. Fresh colonies
of C. albicans ATCC90028, grown on Sabouraud (Difco) plates, were
suspended in H,O, diluted 1:20 in Sabouraud media, 200 uL
distributed in 96-well test plates and cultivated shaking at room
temperature for 18—24 h; growth inhibition was assessed macro-
scopically. Ciclopirox (100 yg/mL) served as positive control.

Growth Inhibition of Oomycete P. infenstans. A total of 2 mL of
a 2-week-old liquid PDA culture of P. infenstans CBS 430.90 were
shredded using a FastPrep twice for 20 s, diluted with S mL of H,O,
and filtered through miracloth. The filtrate was diluted 1:20 with PDB
media (Difco) and 200 pL distributed in 96-well test plates. Plates
were incubated gently shaking at room temperature for 1 week;
growth inhibition was assessed macroscopically. Ciclopirox (100 ug/
mL) served as positive control.

Growth Inhibition of Bacteria. Nutrient broth (Difco) precultures
of Staphylococcus aureus ATCC11632 (37 °C), Pseudomonas
aeruginosa ATCC15442 (37 °C), Aneurinibacillus migulanus
ATCC9999 (37 °C), and Enterobacter cloacae subsp. dissolvens
LMG2683 (27 °C) were grown overnight shaking. Precultures were
diluted 1:100 in fresh nutrient broth and 200 yL were distributed in
96-well test plates. Plates were cultivated shaking at 37 or 27 °C for
18—24 h and growth inhibition was assessed macroscopically.
Tetracycline (100 yg/mL) and streptomycin (100 yg/mL) served
as positive controls.

< |l
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Data Availability Statement

All data underlying this study is available in this article and the
Supporting Information. The allantofuranone (alf) biosyn-
thetic gene cluster has been deposited at NCBI (accession
number PQ256815). The analytical data (NMR spectra, MS
spectra, and IR spectra) for all purified compounds has been
deposited at Chemotion Repository (10.14272/collection/
JCL_2025-02-05).
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Supplementary Tables

Table S. 1: Aspergillus oryzae mutant strains used in this study

Strain Parental Strain Genotype Produces Source
OP12 pyrG- See ref. PamyB:terR_ptrA; pyrG- / 1
OP12 3A See ref. PamyB:terR_ptrA; pyrG-, ApabA, AargB /| 2
OP12 empty plasmid OP12 pyrG~ PamyB:terR_ptrA, pyrG* / This
study
OP12 3A empty plasmids OP12 3A PamyB:terR_ptrA, pyrG*, pabA*, argB* / 2
OP12_alfA OP12 pyrG- PamyB:terR_ptrA; PterA:alfA_URA 2 This
study
OP12_alfA pyrG- OP12_alfA PamyB:terR_ptrA; PterA:alfA_URA, 2 This
PG study
OP12_alfAC OP12_alfA pyrG- PamyB:terR_ptrA; PterA:alfA_URA, 4,5 This
PterA:alfC_URA study
OP12_alfAC pyrG- OP12_alfAC PamyB:terR_ptrA; PterA:alfA_URA, 4,5 This
PterA:alfC_URA, pyrG~ study
OP12_alfACD OP12_alfAC pyrG- PamyB:terR_ptrA; PterA:alfA_URA, 6 This
PterA:alfC_URA, PterA:alfD_URA study
OP12_alfACD pyrG- OP12_alfACD PamyB:terR_ptrA; PterA:alfA_URA, 6 This
PterA:alfC_URA, PterA:alfD_URA, pyrG~ study
OP12_alfACDB OP12_alfACD pyrG- PamyB:terR_ptrA; PterA:alfA_URA, 1 This
PterA:alfC_URA, PterA:alfD_URA, study
PterA:alfB_URA
OP12_alfACDB pyrG- OP12_alfACDB PamyB:terR_ptrA; PterA:alfA_URA, 1 This
PterA:alfC_URA, PterA:alfD_URA, study
PterA:alfB_URA, pyrG-
OP12_alfA/AsMO6277 OP12_alfA pyrG~ PamyB:terR_ptrA; PterA:alfA_URA, 7 This
PterA:AsMO6277_URA study
OP12_alfAC/AsMO6277 OP12_alfAC pyrG~ PamyB:terR_ptrA; PterA:alfA_URA, 10 This
PterA:alfC_URA, PterA:AsMO6277_URA study
OP12_alfACD/AsMO6277 OP12_alfACD pyrG- PamyB:terR_ptrA; PterA:alfA_URA, 11 This
PterA:alfC_URA, PterA:alfD_URA, study
PterA:AsM06277_URA
OP12_alfACDB/AsM06277 | OP12_alfACDB pyrG-  PamyB:terR_ptrA; PterA:alfA_URA, 12 This
PterA:alfC_URA, PterA:alfD_URA, study
PterA:alfB_URA, PterA:AsM0O6277_URA
OP12_atrA OP12 pyrG- PamyB:terR_ptrA; PterA:atrA_URA 8 This
study
OP12_atrA pyrG~ OP12_atrA PamyB:terR_ptrA; PterA:atrA_URA, 8 This
pyrG study
OP12_atrA/alfC OP12_atrA pyrG- PamyB:terR_ptrA; PterA:atrA_URA, 13,14 This
PterA:alfC_URA study
OP12_atrA/alfC pyrG- OP12_atrA/alfC PamyB:terR_ptrA; PterA:atrA_URA, 13,14 This
PterA:alfC_URA, pyrG~ study
OP12_atrA/alfCD OP12_atrA/alfC pyrG-  PamyB:terR_ptrA; PterA:atrA_URA, 15 This
PterA:alfC_URA, PterA:alfD_URA study
OP12(3A)_atrA/alfCD OP123A PamyB:terR_ptrA; PterA:atrA_URA, 15 This
PterA:alfC_argB, PterA:alfD_paba study
OP12(3A)_atrA/alfCD OP12(3 A)_atrA/alfCD ~ PamyB:terR_ptrA; PterA:atrA_URA, 15 This
pyrG- PterA:alfC_argB, PterA:alfD_paba pyrG- study
OP12(3A)_atrA/alfCDB OP12(3A)_atrA/alfCD PamyB:terR_ptrA; PterA:atrA_URA, 15 This
pyrG- PterA:alfC_URA, PterA:alfD+PtrpC- study

alfB_URA
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Table S. 2: Oligonucleotides used in this study

Oligo Sequence Purpose
oCW77 CATTTAACAAACTTCTCATCACAGCACCATGGAGCCCAAGAATCTTTAT amplification of
oCW78 CGGTTCAGATTGAAATCACTGCTGCTCACAACCCCCGATCTTG alfA

oCW88 CATTTAACAAACTTCTCATCACAGCACCATGGCTACTCTCAATGAACTG amplification of
oCW89 ACGGTTCAGATTGAAATCACTGCTGCTTATGCCTTTACAACCTCAA alfD

oCW100 CATTTAACAAACTTCTCATCACAGCACCATGGGTTTCTTCAAGCTTGCG amplification of
oCW192 CTATACGGTTCAGATTGARATCACTGCTGCTTATTTACTCTCATAGGGCA alfC

oCW190 CATTTAACAAACTTCTCATCACAGCACCATGACGTCAAAAGGCCATGTA amplification of
oCW191 CTATACGGTTCAGATTGARATCACTGCTGCTTACCAAACATATGAACTCA alfB

oCW91 CATTTAACAAACTTCTCATCACAGCACCATGTCTTTCAAGAACCTCCAA amplification of
oCW92 ACGGTTCAGATTGAAATCACTGCTGCCTAAATTCCCCGTGCTTC atrA

oCW213 CATTTAACAAACTTCTCATCACAGCACCATGCATTATTCTCCTCTCACAG amplification of
oCW214 CTATACGGTTCAGATTGAAATCACTGCTGCTCACTTAAAAATCACTCTGA AsMO6277
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overlaps introduced by primers

il col [
PCR-amplified insert
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% PterA | troCT | URA/pabAlargB-cassette '—
SM-Xpress plasmid

Figure S. 2: Schematic representation of strategy employed for cloning expression plasmids
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Mutant OP12_alfACDB/ASMO6277 OP12_alrA/alfCD (in 38)

O @
Ampicon &P 40 © ® W et P S U S
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1000 bp —
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Figure S. 3: Validation of mutant strains. Genomic integration of genes was assessed by diagnostic PCR. Primers
and expected amplicon sizes were as follows: alfA, oCW75+oCW78, 2993 bp amplicon; alfC, oCW75+oCW192,
1368 bp amplicon; alfD, oCW75+oCW89, 1632 bp amplicon; alfB, oCW75+oCW191, 1042 bp amplicon;
AsMO6277, oCW75+oCW214, 2075 bp amplicon,; atrA, oCW75+0CW92, 2964 bp amplicon.
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Figure S. 4: Proposed mechanism for formation of compounds 4 and 5 from compound 3. Based on Hajdok et al.?
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Figure S. 5:Biosynthesis of p-terphenyls from benzoquinones in bacteria and fungi*-6. Two different routes to 3 have
been proposed for the biosynthesis of bacterial echosides.
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Figure S. 7: Coexpression of alfB in OP12(3A)_atrA/alfCD does not result in production of a dihydroxylated
allantofuranone (1) analogue. Chromatograms (250 nm) of culture filtrate extracts of OP12 mutant strains. control,

OP12 3A transformed with empty plasmids
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NMR Assignments

R
1 H Allantofuranone
OH | Hydroxyallantofuranone

Table S. 3: NMR Spectroscopic Data (600 MHz) for Allantofuranone (1, CDCls) and Hydroxyallantofuranone (12,
DMSO-dbe)

Allantofuranone (1) Hydroxyallantofuranone (12)

Position O, type Oy (Jin Hz) S, type Sy (Jin H2)

2 167.4,C 166.3, C

3 140.1, C 1421, C

4 122.9,C 121.3,C

5 107.5, C 106.3, C

6 43.8, CH, 3.90 (d, 16.5) 42.9, CH; 3.76 (d, 16.4)
3.67 (d, 16.5) 3.68 (d, 16.4)

7 193.8, C 192.3,C

8 136.8,C 128.3,C

9/13 128.2, CH 7.83 (m) 130.7,CH  7.72 (m)

10/12 128.6, CH 7.40 (m) 115.0,CH  6.75(m)

11 133.4, CH 7.53 (m) 162.2,C

1 129.0,C 129.8, C

2'/6' 127.6, CH 7.89 (m) 126.7,CH  7.83 (m)

35 129.1, CH 7.44 (m) 128.7,CH 743 (m)

4 129.3, CH 7.36 (m) 128.2,CH  7.33 (m)

3-OH 11.43 (br s)*

11-OH 10.41 (br s)*

* may be interchanged

6 H H Terferol
1 |H OH | Hydroxyterferol
15 | OH | OH | Dihydroxyterferol




Table S. 4: NMR Spectroscopic Data (600 MHz, DMSO-de) for Terferol (6), Hydroxyterferol (11), and
Dihydroxyterferol (15)

Terferol (6) Hydroxyterferol (11) Dihydroxyterferol (15)
Position O, type 6u (Jin Hz) O, type Ou (Jin Hz) O, type Ou (Jin Hz)
1 150.3,C 150.1,C 150.3,C
2 117.8,C 117.0,C 117.0,C
3 145.1,C 145.0,C 144.9, C
4 136.2, C 136.0, C 136.1,C
5 128.6, C 1286, C 127.8,C
6 103.5,CH  6.44(s) 103.0,CH  6.38(s) 103.0,CH | 6.35(s)
1 134.4,C 1345,C 124.7,C
2'/6' 130.8,CH  7.30 (m) 130.8,CH  7.28 (m) 131.8,CH | 7.08 (m)
35" 127.4,CH  7.37 (m) 1274,CH  7.36 (m) 114.3,CH  6.75(m)
4' 126.3,CH  7.28 (m) 126.8,CH  7.26 (m) 155.8, C
1" 138.9,C 1294, C 1295, C
2"/6" 129.0,CH  7.61(m) 130.1,CH  7.43 (m) 130.0,CH | 7.42 (m)
3"/5" 128.0,CH  7.43 (m) 114.8,CH  6.82 (m) 114.7,CH | 6.80 (m)
4" 126.6,CH  7.33 (m) 156.3, C 156.2, C
1-OMe 55.6, CHs 3.62(s) 55.5, CH, 3.60 (s) 55.5, CHs 3.59 (s)
3-OH 8.33 (s) 8.23 (s) 8.17 (br s)
4-OH 8.03 (s) 7.90 (s) 7.91 (br s)
4'-OH 9.33 (brs)
4"-OH 9.45 (s) 9.44 (s)

correlations for 11.

10
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Figure S. 11: Relevant HMBC (—), COSY («»), and NOES" correlations for 5 and 10.

NMR Spectra

NMR spectra (1D and 2D), raw data, and additional analytical data of all compounds can be found free
of charge on Chemotion Repository (Table S. 3). Additionally, "H and *C NMR spectra of the new
compounds are depicted on the following pages.

Table S. 6: Deposited analytical data

Name DOI

1 Allantofuranone https://dx.doi.org/10.14272/ZSQDINYGPVLTCM-
UHFFFAOYSA-N.1

2 Polyporic acid https://dx.doi.org/10.14272/HZKFHDXTSAYOSN-
UHFFFAOYSA-N.1

4 Deoxypolyporic acid https://dx.doi.org/10.14272/GXMJKXBNCXNACS-
UHFFFAOYSA-N.1

5 Deoxypolyporic acid dimer https://dx.doi.org/10.14272/JIJBMATWEKIPNS-
UHFFFAOYSA-N.1

6 Terferol https://dx.doi.org/10.14272/HMCUGCPHZLJKMS-
UHFFFAOYSA-N.1

7 Ascocorynin https://dx.doi.org/10.14272/PNTORJXTFRBTDZ-
UHFFFAOYSA-N.1

8 Atromentin https://dx.doi.org/10.14272/FKQQKMGWCJGUCS-
UHFFFAOYSA-N.1

10 | Deoxyascocorynin https://dx.doi.org/10.14272/HLFCRNGNTFLPPX-
UHFFFAOYSA-N.1

11 | Hydroxyterferfol https://dx.doi.org/10.14272/NJXLDQMVOFLMIX-
UHFFFAOYSA-N.1

12 | Hydroxyallantofuranone https://dx.doi.org/10.14272/LQKBSBWZJOHANT-
UHFFFAOYSA-N.1

15 | Dihydroxyterferol https://dx.doi.org/10.14272/HDXIDAAYQIUQQS-
UHFFFAOYSA-N.1
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Spectrum S. 1: 1H NMR spectrum (600 MHz, DMSO-ds) of the new compound deoxypolyporic acid dimer (5)
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Spectrum S. 2: 13C NMR spectrum (600 MHz, DMSO-ds) of the new compound deoxypolyporic acid dimer (5)
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Spectrum S. 3: 1H NMR spectrum (600 MHz, DMSO-ds) of the new compound deoxyascocorynin (10)
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Spectrum S. 4: 13C NMR spectrum (600 MHz, DMSO-ds) of the new compound deoxyascocorynin (10)
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Spectrum S. 5: 1H NMR spectrum (600 MHz, DMSO-ds) of the new compound hydroxyterferol (11)
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Spectrum S. 6: 13C NMR spectrum (600 MHz, DMSO-ds) of the new compound hydroxyterferol (11)
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Spectrum S. 7: 1H NMR spectrum (600 MHz, DMSO-ds) of the new compound hydroxyallantofuranone (12)

19

113



192.30
— 166.31
—162.16
—142.12
130
129,
128
128
128,
126.
121
115
— 106.
—49.07
—42.92

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10
f1 (ppm) 13C

Spectrum S. 8: 13C NMR spectrum (600 MHz, DMSO-ds) of the new compound hydroxyallantofuranone (12)
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Biosynthesis of the Fungal Cyclic Lipodepsipeptide
Pleosporacin, a New Selective Inhibitor of the
Phytopathogen Botrytis cinerea

Carsten Wieder,* Rainer Wiechert, Alexander Yemelin, Louis Pergaud Sandjo,

Eckhard Thines, Till Opatz, and Anja Schiiffler*

Bioactivity-guided isolation led to the identification of the cyclic
lipodepsipeptide pleosporacin (1) from the mycelia extract of fun-
gal strain Pleosporales sp. IBWF 020-21, a potent selective inhibitor
of the fungal phytopathogen Botrytis cinerea. The structure and
stereochemistry of 1 were elucidated by NMR and Marfey analy-
sis, respectively. Genome mining identified a candidate biosyn-
thetic gene cluster encoding a hexamodular nonribosomal

1. Introduction

Nonribosomal peptide synthetases (NRPS) are giant multimodular
enzyme assembly lines, which facilitate the condensation of amino
acids in a ribosome-independent manner. Each module obligatory
harbors a minimal set of an adenylation (A), thiolation (T), and con-
densation (C) domain. These are required for activation of the
amino acid building blocks (A-domain), tethering (T-domain),
and catalyzing peptide bond formation (C-domain)."’ Synthesis
proceeds via repeated condensation of the amine of the T, -
bound amino acid with the carbonyl of the T,-bound peptidyl chain.
In contrast to ribosomal peptide synthesis, NRPS can also incorpo-
rate nonproteinogenic amino acids and hydroxy acids,” the latter
of which are esterified to yield depsipeptides.* Optionally, modules
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peptide synthetases, PleA, a fatty acyl-AMP ligase, PleB, and an
aspartate decarboxylase, PleC. Reconstitution of pleABC allowed
for heterologous production of 1 in Aspergillus oryzae and con-
firmed the identity of the ple cluster. Based on these findings
a biosynthetic route is proposed, with PleB catalyzing lipoinitia-
tion and PleC providing the nonproteinogenic amino acid
B-alanine for the assembly of 1.

can include tailoring domains, such as N-methyltransferase domains
and epimerization (E) domains that catalyze L to D stereoinversion of
tethered amino acids prior to condensation. In fungal NRPSs, the
release of nascent peptides is frequently catalyzed by a terminal
condensation (C;) domain via hydrolysis, lactonization/ lactamiza-
tion, or Dieckmann cyclization." In the special case of lipopeptides,
an additional first step known as lipoinitiation is required to incor-
porate the fatty acyl moiety. During lipoinitiation in fungal biosyn-
thetic pathways, a free fatty acid is activated by an acyl-AMP ligase
and subsequently transferred to an N-terminal To-domain to prime
the assembly line.>” Elongation of the peptidyl chain then pro-
ceeds as described. Many lipopeptides, such as echinocandins, dap-
tomycin, and surfactin, exhibit industrially relevant antimicrobial
activity and it was previously shown that the fatty acyl moiety plays
an essential role therein.® The rise of fungicide resistance in phy-
topathogenic fungi is a global threat to food production® and
therefore the nutrition of the steadily growing world population.
This necessitates not only the discovery of new lead structures
for the development of drugs but also the identification of new
molecular targets or mechanisms that circumvent resistance devel-
opment. Microbial natural products have been a continuous source
of drug leads over the last decades."” The discovery of selective
antimicrobial agents is of particular interest for plant protection,
as high selectivity reduces the impact on the environment, which
is in line with the European Geen Deal (Directive 2009/128/EC).
Here, we report the bioactivity-guided isolation, characteriza-
tion, and elucidation of the biosynthesis of a new cyclic lipodep-
sipeptide pleosporacin (1), which exhibits potent selective
inhibitory activity against the grey rot pathogen Botrytis cinerea.

2. Results and Discussion

In an ongoing effort to identify new antifungal compounds,
we isolated fungal strain IBWF 020-21 (Figure S1, Supporting
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Information), crude extracts of which exhibit potent conidia
germination inhibitory activity against the gray rot pathogen
B. cinerea. DNA-sequencing of the ITS fungal barcode region
(Table S2, Supporting Information) frequently used for species
identification™" did not suffice for species determination;
however, the strain can confidently be assigned to the order
Pleosporales. Bioactivity-guided isolation of the active constituent
led to the identification of the new cyclic lipodepsipeptide 1,
which we termed pleosporacin. The structure and stereochemis-
try of 1 were elucidated by NMR spectroscopy and Marfey analy-
sis, respectively (Figure 1). Compound 1 features a macrocyclic
scaffold composed of myristic acid (MA), p-Gln,, L-Ser,, p-Alas,
D-Trp,, L-Sers, and D-Tyrs with the macrolactone ester bond
formed between the B-hydroxy moiety of L-Ser, and the
carboxyl-moiety of b-Tyre. Structurally, 1 is closely related to pre-
viously reported cyclic lipodepsipeptides, namely, symbiosin,"?
colisporifungin,'® verruculin,"* ophiotine," and aselacin A"®
(Figure S3, Supporting Information). They all share a common
macrocyclic scaffold and mainly differ in the fatty acyl moiety.
Some of them have been associated with various bioactivities,
e.g,, colisporifungin was reported to potentiate the activity of cas-
pofungin but does not exhibit antifungal activity of its own.
Similarly, symbiosin was reported to boost the activity of necrox-
ime by acting as a biosurfactant while not exhibiting nematicidal
activity of its own,['? whereas ophiotine was reported to exhibit
moderate nematicidal activity on its own.™™ The antimicrobial
capacity of 1 was evaluated by assaying germination inhibition
of various filamentous fungi as well as growth inhibition of the
pathogenic yeast Candida albicans, the oomycete Phytophthora
infestans, and various bacteria (Table 1). Intriguingly, 1 almost
selectively inhibited germination of B. cinerea at an MIC of
3 ug mL~" (=3.2 uM). Germination of Magnaporthe oryzae was also
partially inhibited however only when assayed in H,O but not
when assayed in media.

When treated with 1, even at sub-MIC, conidia of B. cinerea
appear to swell to =1.5-fold their usual size (Figure S4, Supporting
Information). This has previously been observed when conidia of
B. cinerea were treated with caspofungin,"” an echinocandin-type
cyclic lipodepsipeptide fungicide known to interfere with cell
wall biogenesis by noncompetitively inhibiting the 1,3-B glucan

H O
W NH,
MA OHN o D-GIn
O L-Ser
B-Ala
NH O__O OH
HN OR/J HNK/©/
\ H D-Tyr
o
D-Trp o :\OH L-Ser

Pleosporacin (1)

Figure 1. Structure of pleosporacin (1).
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Table 1. Antimicrobial activity of 1.

Organism MIC [ug mL"]
Magnaporthe oryzae (CM/H,0)? -9/>1009
Botrytis cinerea® 3 (=3.2uM)

Fusarium graminearum® -
Aspergillus oryzae® -
Candida albicans® -
Phytophthora infestans® -
Staphylococcus aureus -
Pseudomonas aeruginosa -
Aneurinibacillus migulanus® _

Enterobacter cloacae subsp. dissolvens® -

2Germination inhibition; ®Vegetative growth inhibition; “No activity up to
100 pg mL~"; YPartially inhibited even at 5 ug mL™", but not fully inhibited
even at 100 ugmL~".

synthase. It is therefore conceivable that the mode of action of
1 might be the inhibition of cell wall biogenesis in B. cinerea.
As this effect would not be specific to conidia germination but det-
rimental to the fungus in general, an agar disc assay was per-
formed (Figure S5, Supporting Information), which confirmed
that 1 also inhibits the vegetative growth of B. cinerea. Additionally,
compound 1 exhibits surfactant properties similar to symbiosin
(Figure S6, Supporting Information);""? therefore, it might addition-
ally be capable of disrupting membrane integrity and/or perme-
ability. The exact mechanism of action of 1 and particularly the
selective susceptibility of B. cinerea remain elusive and yet to be
determined. Furthermore, the physiological function of 1 is also
unclear, especially as it is mostly retained in the mycelium of
the fungus.

While all the other compounds addressed are of fungal origin,
symbiosin is produced by symbiotic endofungal bacteria instead.
A plausible candidate biosynthetic gene cluster (BGC) was pro-
posed for symbiosin biosynthesis based on genome mining and
in silico analysis; however, validation thereof was not possible
as the symbionts were unculturable.'? In contrast, the biosynthetic
pathways of the related fungal cyclic lipodepsipeptides have not
been investigated at all, and therefore, we set out to representa-
tively examine the biosynthesis of 1. To this end, the genome of
the fungal strain IBWF 020-21 was sequenced and assembled into
38.3 Mb. The assembly comprised 172 contigs, with an N50 of
0.49 Mb and a GC content of 48.4%. The length of the largest con-
tig was 1.4 Mb. A total of 5 110 840 clean reads were obtained from
lllumina sequencing, enabling the prediction of 8158 protein-
coding genes with functional annotations. AntiSMASH"™® and
FunBGCeX"" analyses together detected 55 secondary metabolite
BGCs including 12 NRPS BGCs, 9 polyketide synthase (PKS) BGCs,
1 hybrid PKS/NRPS BGC, 12 terpene synthase (TPS) BGCs, 15 ribo-
somally synthesized and post-translationally modified peptide
(RiPPs) BGCs, 4 isocyanide synthase (ICS) BGCs, and 2 UbiA-type
prenyltransferase (PT) BGCs.

Among the NRPS BGCs, a single-candidate BGC likely respon-
sible for the biosynthesis of 1 was identified. The ple cluster
(accession number: PV294983) encodes a hexamodular NRPS

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH
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Table 2. Proteins encoded in the ple cluster.
Gene Length [aa] BLASTp? Identity [%]/E-value Proposed function
pleC 519 E9FCP7.2—L-aspartate decarboxylase dtxS4 [Metarhizium robertsii] 44.93/3E7"" L-Asp decarboxylase
pleA 8396 E9FCP4.2—Nonribosomal peptide synthetase dtxS1 [Metarhizium robertsii] 42.81/0.0 NRPS
pleD 1665 P15368.1—Fatty acid synthase subunit alpha [Penicillium griseofulvum] 46.57/0.0 FAS a-subunit
pleE 373 P36615.1—Serine/threonine-protein kinase csk1 [Schizosaccharomyces pombe] 25.15/2E°% Protein kinase
pleF 1281 Q4WTT9.1—ABC-type transporter MDR1 [Aureobasidium melanogenum] 49.84/0.0 ABC transporter
pleB 481 S3DB78.1—Acyl-CoA ligase gloD [Glarea lozoyensis) 38.29/7e '** Fatty acyl-AMP ligase
pleG 2047 P34229.2—Fatty acid synthase subunit beta [Yarrowia lipolytica] 42.80/0.0 FAS B-subunit
JNearest fungal hit using Uniprot database.

<

< << ——>

pleA

pleC
Asp-decarboxylase NRPS

Figure 2. ple biosynthetic gene cluster.

PleA, an acyl-AMP ligase PleB, an aspartate decarboxylase PleC, a
fatty acid synthase (FAS) a-subunit PleD, a putative protein kinase
PleE, an ABC transporter PleF, and a FAS B-subunit PleG (Table 2,
Figure 2). The structure and stereochemistry of 1 are in accord
with the number of modules and the arrangement of E-domains
in PleA. Moreover, there is an additional T,-domain in PleA that is
likely required for loading of the myristoyl moiety onto the
assembly line. PleB is homologous to GloD, the acyl-AMP ligase
involved in pneumocandin biosynthesis.”’ GloD catalyzes lipoini-
tiation by activating polyketide synthase (GloL)-derived 10,12-
dimethyl-myristic acid and transferring it to the T,-domain of
GloA. Interestingly, abolishing the production of 10,12-dimethyl-
myristic acid via deletion of gloL enabled the production of pneu-
mocandin derivatives with alternative fatty acyl moieties, among
others MA, suggesting GloD to exhibit some substrate

IBWF 020-21

A‘ pleABC
A‘ A pleAB
i OP123A @
A !
‘i purified 1
12 14 16 18 20

t [min]

Figure 3. Heterologous reconstitution of pleosporacin (1) biosynthesis in
Aspergillus oryzae OP12. Chromatograms (280 nm) of mycelia extracts of
OP12 mutant strains, IBWF 020-21 and purified 1.
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pleF pleB ] kb

leD pleE eG
acy-AMP ligase FAS B-subunit

Pl
FAS a-subunit protein kinase MFS

tolerance.” This strengthens the hypothesis that PleB catalyzes
lipoinitiation in the biosynthesis of 1, activating and transferring
MA to the Ty-domain of PleB. As palmitic and linoleic acid are the
most abundant fatty acids in various acsomycetes,”?” the FAS
subunits PleD and PleG likely collaborate to provide sufficient
amounts of MA for the biosynthesis of 1. PleC is likely to provide
B-alanine for the biosynthesis of 1, as it is homologous to DtxS4,
an L-aspartate decarboxylase that converts L-aspartate to
B-alanine for the biosynthesis of destruxins.?"

Multimodular NRPS are often challenging to characterize, par-
ticularly due to their enormous size and associated difficulties
during cloning. Therefore, the biosynthetic pathways of large fun-
gal NRPs are frequently elucidated through gene deletions in
native producers instead.®>'??' This methodology is, however,
limited to organisms that are amenable to genetic manipulation.
Consequently, various techniques have been employed to facili-
tate cloning for subsequent heterologous characterization, rang-
ing from invivo assembly of plasmids®® or amplicons®® to
sequential ligation cloning.”” Due to the slow growth of IBWF
020-21 we also attempted and succeeded in sequentially assem-
bling the =25 kb NRPS gene pleA into a plasmid for heterologous
expression using multistep Gibson assembly. pleA, pleB, and pleC
were introduced into the heterologous host Aspergillus oryzae
OP12 3AP9 for subsequent metabolite analysis (Figure 3).
Indeed, the coexpression of pleABC resulted in autonomous pro-
duction of 1, albeit at a lower yield as compared to IBWF 020-21.
This discrepancy is likely due to a difference in the abundance of
the precursor molecule MA. In the original producer IBWF 020-21,
MA is likely efficiently provided for the biosynthesis of 1 in a spa-
tiotemporal manner via the action of the FAS encoded by pleD
and pleG. Additionally, multiple other compounds similar in m/z
and UV were produced by OP12_pleABC and also IBWF 020-21
(Figure S7, Supporting Information). These are likely congeners
of 1 with altered fatty acyl moieties that derive from promiscuous
activity of PleB. Contrary to expectation, the coexpression of
solely pleAB also results in the autonomous production of 1.
Prototrophic organisms inherently produce B-alanine, as it is,
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Scheme 1. Proposed biosynthesis of pleosporacin (1).

e.g., part of pantothenic acid (vitamin Bs), which is essential for
multiple cellular processes including synthesis of coenzyme A.
OP12_pleAB is apparently able to utilize the intrinsic pool of
B-alanine for production of 1. PleC likely boosts B-alanine supply
for higher level production of 1 in the native producer, which is
not achieved in OP12_pleAB and OP12_pleABC, presumably due
to insufficient MA supply. Based on these findings the biosynthesis
of 1 is proposed to proceed as depicted in Scheme 1. The FAS
a- and B-subunits PleD and PleG collaborate to synthesize MA,
which is subsequently activated by the fatty acyl-AMP ligase
PleB and transferred to the T, domain of the NRPS PleA. The peptide
chain is then elongated with p-Gln,, L-Ser,, B-Ala; — which is derived
from PleC-catalyzed decarboxylation of L-Asp — D-Trp,, L-Sers, and
D-Tyre. Finally, macrolactonization between the p-hydroxyl moiety
of L-Ser, and the a-carbonyl of D-Tyrs is catalyzed by the terminal
Cr-domain, resulting in the release of 1 from the assembly line.

The production of similar cyclic lipodepsipeptides in fungi
and bacteria might be indicative of a horizontal gene transfer
event. However, the GC content of the ple BGC (48.8%) and
pleA (50.8%) are well in accord with the overall genomic GC con-
tent (48.4%). Moreover, PleA and the symbiosin NRPS"'? differ in
domain architecture (Figure S8, Supporting Information) and
employ different strategies for lipoinitiation and terminal cycliza-
tion. Therefore, it can be presumed that the ple BGC is truly of
fungal origin and was unlikely acquired via horizontal gene
transfer.

3. Conclusion
In search for antifungal compounds, we isolated the cyclic
lipodepsipeptide pleosporacin (1), a new selective inhibitor of

B. cinerea, from mycelia of the fungal strain Plepsporales sp.
IBWF 020-21. Although the mechanism remains elusive yet,

ChemBioChem 2025, 00, €202500315 (4 of 5)

compound 1 is hypothesized to interfere with the cell wall bio-
genesis of B. cinerea. The discovery and development of more
selective antimicrobial agents are crucial for a greener agriculture,
as they exhibit fewer nontarget side effects, easing the environ-
mental impact while not compromising crop protection. By inves-
tigating the biosynthesis of 1, it is demonstrated that it is possible
and feasible to clone large genes for heterologous characteriza-
tion, in cases where homologous investigations are not possible.
To our knowledge, this is the first characterized biosynthetic
pathway of a cyclic lipodepsipeptide related to aselacin A.
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|. Experimental Procedures
Fungal strains

Fungal strain IBWF 020-21 was isolated from a freshwater sediment sample taken from the Elbe river
(near shoreline, sediment plus freshwater) in Hamburg, Germany, in July 2021 by serial dilution plating
on Littmann (1.5 % oxgall, 1 % peptone, 1 % glucose, 0.01 g crystal violet, pH 7.0) agar plates
supplemented with 100 pg/mL streptomycin. The strain is deposited at the Institut fir Biotechnologie
und Wirkstoff-Forschung gGmbH (IBWF), Mainz, Germany and was routinely maintained on YMG
(0.4 % yeast extract, 1 % malt extract, 1 % glucose, pH 5.5) agar plates at room temperature.
Aspergillus oryzae OP12 3A was routinely cultivated on GG10 (50 mM glucose, 10 mM glutamine,
0.52 g/L KCl, 0.52 g/L MgSO4- 7 H20, 1.52 g/L KH2PO4; 1 mL/L Hutner's trace elements; pH 6.5) agar
plates supplemented with10 mM uridine, 0.0001 % p-amino benzoic acid (PABA) and 0.1 % arginine at
30 °C for sporulation and maintained as spore suspension in PBS at 4 °C. All mutant strains used in this

study are listed in Table S1.

Table S. 1: Mutant strains used in this study

Mutant Parental Strain Genotype Source
OP12 3A see source PamyB:terR_ptrA; pyrG-, ApabA, AargB 1]

OP12 empty plasmid OP12 3A PamyB:terR_ptrA ]

control

OP12_pleAB OP12 3A PamyB:terR_ptrA, This study

PterA:pleA_URA,
PterA:pleB_argB,
ApabA
OP12_pleABC OP12 3A PamyB:terR_ptrA, This study
PterA:pleA_URA,
PterA:pleB_argB,
PterA:pleC_pabA

ITS and whole genome sequencing

Genomic DNA of IBWF 020-21 was prepared from lyophilized mycelium using the GeneJET Plant
Genomic DNA Purification Kit (ThermoFisher) according to the manufacturer’s instructions. The ITS
barcode region was amplified using the ITS1F and ITS4 primers with the Phire Green Hot Start Il PCR
Mastermix (Thermo Fisher), purified using the Monarch PCR & DNA Cleanup Kit (NEB) and analyzed
by Sanger sequencing. The consensus of forward and reverse sequencing was BLASTed against the
NCBI ITS database.

Table S. 2: ITS sequence of IBWF 020-21

Fungal strain ITS sequence selected BLAST hits Identity/E-value

IBWF 020-21 AGTAAAAGTCGTARCAAGGTTTCCGTAGGTG GU327433.1 99.82%/0.0

GATCATTATCAATT “GGACTTCGGTC 5
TTGTCTTTTGCGTACTGTATGTTTCCTTGGTAGGCTTGCCTAC  uncultured fungus
CAATAGGACATCATAAACTCTTTTGTAATTGCAATCAGCGTCA
GAARACTATAATAGTTACAACTTTCAACAACGGATCTCTTGGT — MF795792.1 94.75%10.0
TCTGGCATCGATGAAGAACGCAGCGAAATGCGAARAGTAGTGT
GAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACAT
TCA  CBS 407.76
GG >CCGe
TTATACGCGTGGACTCGCCTTARAGCAATTGGCAGCCGGCATA  NR 156358.1 92.25%/0.0
CTAGCCTGGGAGCGCAGCACATTTTGCGTTTCTTGCTTTGAAT -
GTCGRACGTCCATCAAGTCAAACATTTTGCTCTTGACCTCGGAT — Neocucurbitaria juglandicola
CAGGTAGGGATACCCGCTGAACTTAAGCATATC

CBS142390

Pyrenochaeta nobilis




Whole genome sequencing was performed on lllumina HiSeq 2500 platform resulting in 150 bp paired-
end reads. The integrity and quality of raw sequence data were initially assessed using FastQC
(v0.12.1)I2, Reads were subsequently filtered to remove low-quality sequences. De novo assembly was
performed using SPAdes (v3.15.2) with k-mer lengths of 77, 99, and 121, along with the --careful and -
-only-assembler parameters to minimize assembly errors®. The assembly command used was as

follows:

/opt/anaconda3/envs/de_novo_assembly/bin/spades.py -1 IBWF/1.fastq.gz -2 IBWF/2.fastq.gz
-0 IBWF/spades_kmers_set_careful_assembly -t 4 -k 77,99,121 --careful —only-assembler

Quality assessment was performed by the QUAST (v5.0.2) tooll.The assembly with the highest
contiguity, as indicated by the largest N50 and contig lengths, was selected for downstream analyses.
Gene prediction was carried out using Augustus with a pretrained fungal models. Functional annotation
of predicted genes included BLAST comparisons against Swiss-Prot and InterPro databases. Genome
visualization was performed using IGV (v2.14.0)5l. Secondary metabolite biosynthetic gene clusters
(BGCs) detection were carried out using antiSMASH (v7.1.0)€! and FunBGCeXU"l. Predicted clusters
were manually curated and validated by BLASTp comparisons against the NCBI non-redundant protein

database to confirm functional annotation and assess cluster architecture.
Construction of plasmids and mutants

pleB and pleC were amplified from genomic DNA of IBWF 020-21 using Q5 Hot Start High-Fidelity 2X
Master Mix (NEB) and assembled into Ncol-restricted SM-Xpress_argB(mut) and SM-Xpress_pabA,
respectively, using the HiFi DNA assembly master mix (NEB). The ~25 kb CDS of pleA was sequentially
assembled into SM-Xpress_Ura in three successive HiFi DNA assembly reactions. Initially, four (of
seven) fragments were amplified and assembled into Ncol-restricted SM-Xpress_Ura, inserting a
PspOMI restriction site after the final fragment for reopening the intermediate plasmid after assembly.
We sequenced the resulting plasmid and noticed only partial integration of the fourth fragment, however
the PspOMII restriction site was intact. Therefore, we redesigned a primer for amplification of the fourth
fragment accounting for the new overlap and inserted new fragment four and fragment five into the
PspOMI-restricted intermediate plasmid, again inserting a new PspOMI after the fifth fragment. Finally,
fragments six and seven were assembled into the PspOMI-restricted second intermediate plasmid and
the integrity of the final plasmid validated by whole plasmid sequencing. All oligonucleotides used in this
study are listed in Table S3. For construction of OP12_pleAB and OP12_pleABC, protoplast
transformation of OP12 3A was carried out as previously described!!. Integration of pleB and pleC was
confirmed by diagnostic PCR using the 2x Phire Green Hot Start II PCR Master Mix (Thermo)
(Figure S. 9).



Table S. 3: Oligonucleotides used in this study

Oligo Sequence Purpose

Amplification of pleA fragments for sequential

oCW282 catttaacaaacttctcatcacagcaccatgaatgaaataggtgaaagag 5
cloning of SMX_pleA_Ura

oCW283 gtgcatcgegtttatcgtea

oCW347 gcggtcttectacaggttga

oCW522 ctcagtcggatcctgacctt

oCW523 attgaacttccgttttcagg

oCW350 tggctgggatatgacttget

oCW288 tattcacgacctgatcgctg

oCW296 ggttcagattgaaatcactgctgcgggcccacttgctagectagtcgaag

oCW530 agatgacgtacaacgagcta

oCW351 ttacaatgagctggatgaaa

oCW531 ggttcagattgaaatcactgctgcgggcccectttaacataccteggttgg

oCW525  gtttccaggaaggtcaagat

oCW526 tagtgaggatctcatcaata

oCW294  tcctacgetttcgatgettg

oCW295 ctatacggttcagattgaaatcactgctgctcaagtaaatgectggcaag

Amplification of pleB fragments for cloning of

O0CW549  catttaacaaacttctcatcacageaccatggtetteactactocege
- -~ - SMX_pleB_argB(mut)

oCW313 ccactcacgatattgtccac

oCW314 gtggacaatatcgtgagtgg

oCW298 ctatacggttcagattgaaatcactgctgcctacggcatctcattcgac

Amplification of pleC for cloning of

oCW299 catttaacaaacttctcatcacagcaccatggttgtagaaaagtttecta
SMX_pleC_paba

oCW300 ctatacggttcagattgaaatcactgctgectacattatgaaggactgg

Used for diagnostic PCRs, anneals in the PterA
oCW75 gcgcaaagacacatgatg promoter

ITSTF  cttggteatttagaggangtan Amplification of the ITS barcode region

ITS4 tcctecegettattgatatge

Fermentation, extraction, HPLC-MS analysis, extract fractioning and isolation of pleosporacin

In an initial screening, fungal strain IBWF 020-21 was cultivated in 500 mL of YMG media (0.4 % yeast
extract, 1 % malt extract, 1 % glucose) for 20 days shaking at 120 rpm at rt. OP12 mutant strains were
cultivated in 50 mL 2 % starch media (2 % soluble starch, 10 mM glutamine, 0.52 g/L KCI, 0.52 g/L
MgSOQ4- 7 H20, 1.52 g/L KH2PO4; 1 mL/L Hutner's trace elements; pH 6.5) for 3 days shaking at 150 rpm
at rt. Mycelia was harvested by vacuum filtration and extracted with MeOH:actetone (1:1) shaking for
30-60 minutes at rt. The suspension was filtered and dried under reduced pressure. Crude extracts were
redissolved in MeOH and analyzed by LC-MS using a LiChrospher 100 RP-18 column (125 mm x 2 mm,
4 ym, Merck KGaA) connected to Agilent DAD 1260 and Quadrupole LC/MS 6130 modules for
detection, running a gradient of 1 to 100 % of ACN in H20 + 0.1 % formic acid in 20 minutes at a flow
rate of 0.4 mL/min.

To identify the active ingredient in the mycelia extract of IBWF 020-21, the extract was fractioned using
HPLC. The resulting fractions were then re-assessed for germination inhibitory activity against

B. cinerea and only fractions containing compound 1 exhibited activity.



For isolation of compound 1, IBWF 020-21 was cultivated in a 20 L bioreactor (YMG media) stirring at
120 rpm at room temperature for 9 days. The mycelium was separated from the culture broth and
lyophilized. The mycelium (132 g) was subsequently extracted with 2 L MeOH:actetone (1:1) overnight
three times. The dried crude extract (25.6 g) was prefractionated using silica gel chromatography
(CH—EE—MeOH; target fraction: 3.1 g) and SPE (Bond Elut C18 Cartridge, Agilent, H-O—ACN). Half
of the SPE fraction containing most 1 (65% ACN fraction, 0.46 g total) was applied to preparative HPLC
on a Sunfire C18 column (100 A, 5um, 19 mm x 250 mm, Waters GmbH) running at 17 mL/min
(isocratic elution, 62 % ACN, 38 % H20 + 0.1 % formic acid), yielding 54.4 mg of pure 1 as an off-white
amorphous solid.

Analytical chemistry for structure elucidation

Thin layer chromatography

Analytical thin-layer chromatography (TLC), 0.25 mm silica plates (60 F254) from Merck were used, and
the detection was reached by fluorescence quenching under UV light (A = 254 nm) or by staining with
potassium permanganate reagent (solution of KMnO4 (3 g), K2COs (20 g), 5 % NaOH (5 mL), and H20
(300 mL)) followed by heating to 400 °C.

NMR spectra

Measured NMR spectra were, unless otherwise mentioned, recorded at 296 K on a 600 MHz Bruker
Avance-Ill 600 spectrometer with a 5 mm TCI cryoprobe. After prior referencing to the residual solvent
signal (Acetone-des: 2.05 & 29.84 ppm for 'H NMR and '3C NMR, respectively), all chemical shifts ()
are reported relative to residual solventl®l. Coupling constants were reported in Hz and the signal
multiplicities were abbreviated as follows: s (singlet), d (doublet), t (triplet), q (quartet), qd (quartet of
doublet), m (multiplet), br (broad).

Infrared spectra
Infrared spectroscopy was performed on a Bruker Tensor 27 FTIR spectrometer including a diamond

ATR unit and are reported in terms of absorption frequency v [cm].

Mass spectra
HRMS and MS/MS were conducted on an Agilent G6545A Q-ToF with ESI, APCI or APPI source
coupled with an Agilent 1260 Infinity Il HPLC system. If not described otherwise, spectra were recorded

using positive ionization mode.

Optical rotations
Optical rotation measurements were accomplished with a Perkin-Elmer 241MC polarimeter at

A\ = 589nm. A solvent-filled cuvette was used for instrument calibration®l,



Marfey analysis for determining the stereochemistry of pleosporacin

Marfey analysis was adapted from Buttner et al.[%, Briefly, 1 mg of 1 was hydrolyzed in 2 mL of 6 M HCI
at 110 °C overnight or alternatively for 1 h only to prevent degradation of tryptophanl'"l. The hydrolysate
was dried under a N2 stream and subsequently redissolved in 500 yL 1 M NaHCOs. 50 uL of a 1 %
solution of L-FDAA in acetone was added to 100 pL of the hydrolysate and the reaction heated to 50 °C
for 1 h. The reaction was quenched by the addition of 50 uL of 2 M HCI and subsequently diluted with
200 pL of ACN/H20 (1:1). 200 pg of each amino acid (D- and L-, GIn, Ser, Trp, Tyr) were derivatized in
the same way. 5 uL of the references or 20 pl of the 1 hydrolysate were analyzed using LC-MS, running
a gradient of H20 + 0.1 % formic acid and ACN as follows: 1-25 % ACN in 30 min, isocratic 25 % ACN
for 10 min, 25-70 % ACN in 20 min, 70-100 % ACN in 1 min, isocratic 100 % ACN for 4 min.
Stereochemistry was assigned by comparison of the hydrolysate and amino acid reference
chromatograms.

Bioactivity Assays

Germination inhibition of ascomycete fungi

Conidia of Magnaporthe oryzae 70-15, Botrytis cinerea DSM 0877, Fusarium graminearum DSM 21727
and Aspergillus oryzae RIB40 were harvested from agar plates and diluted in 2 % malt extract media to
a final concentration of 1x105 conidia/mL. 200 pL of the solution were added to wells of a 96-well plate
containing different concentrations of the purified compounds. The plates were then incubated overnight
at room temperature. Conidia germination was evaluated using a microscope. Ciclopirox (100 pg/mL)
served as positive control.

Vegetative growth inhibition of Botrytis cinerea

For assessing whether 1 was fungicidal or merely inhibited germination of B. cinerea, antibiotic assay
discs were placed on a YMG agar plate and 20 pg, 10 pg, 5 ug, 1 ug 1 or MeOH were added to them.
Then, B. cinerea was spotted in the middle of the plate and allowed to grow for 7 days at rt. The growth

inhibitory activity was visually assessed.

Growth inhibition of dimorphic yeast Candida albicans

Candida albicans ATCC90028 was grown on Sabouraud (Difco) plates. Fresh colonies were suspended
in H20, diluted 1:20 in Sabouraud media, 200 pL distributed in 96-well test plates and cultivated shaking
at room temperature for 18-24h; growth inhibition was assessed macroscopically. Ciclopirox

(100 pg/mL) served as positive control.

Growth inhibition of oomycete Phytophthora infestans

2 mL of a 2-week-old liquid PDA (Difco) culture of Phytophthora infestans CBS 430.90 were shredded
using a FastPrep twice for 20 s, diluted with 5 mL of H20 and filtered through miracloth. The filtrate was
diluted 1:20 with KGA media and 200 pL distributed in 96-well test plates. Plates were incubated gently
shaking at room temperature for 1 week; growth inhibition was assessed macroscopically. Ciclopirox

(100 pg/mL) served as positive control.
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Growth inhibition of bacteria

Nutrient  broth  (Difco) precultures of  Staphylococcus aureus  ATCC11632 (37 °C),
Pseudomonas aeruginosa ATCC15442 (37 °C), Aneurinibacillus migulanus ATCC9999 (37 °C) and
Enterobacter cloacae subsp. dissolvens LMG2683 (27 °C) were grown shaking overnight. Precultures
were diluted 1:100 in fresh nutrient broth and 200 pL were distributed in 96-well test plates. Plates were
cultivated shaking at 37 °C or 27 °C for 18-24h and growth inhibition was assessed macroscopically.
Tetracycline (100 yg/mL) and Streptomycin (100 pg/mL) served as positive controls.

Il. Supplementary Figures

Pleosporales sp. IBWF 020-21

Top View Bottom View

Figure S.: 1Morphology of Pleosporales sp. IBWF 020-21 grown on YMG media for 22 days at rt.

mAU

200 250 300 350 400 450 500 550 600
A [nm]

Figure S. 2: UV/Vis spectrum of pleosporacin (1).
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R'=myristic acid R?=1-Ser R%=1-Ser R*=p-Tyr Pleosporacin (1)
R'=(R)-3-hydroxymyristic acid R%=1-Thr R%=1-Ser R*=p-Tyr  Symbiosin
R'=dodecanoic acid R?=1-Thr R%=1-Ser R*=p-Phe Colisporifungin
R'=dodecanoic acid R%=1-Thr R3=1-Ser R*=p-Tyr Verruculin
R'=decanoic acid R?=1-Thr R3=1-Ser R*=p-Phe Ophiotine

R'=9-hydroxyoctadeca-10,12-dienoic acid R?=t-Thr R%=p-Ser R*=Gly  Aselacin A

Figure S. 3: Structures of pleosporacin (1) and related cyclic lipodepsipeptides!'®.12l.

3 pg/mL1 1 pg/mL1

10 pg/mL Ciclopirox eOH

Figure S. 4: Germination inhibitory activity of 1 against Botrytis cinerea. Ciclopirox and MeOH served as positive
and negative controls for inhibition. Sub-MIC germination is only partially inhibited, i.e., some short germ tubes are
being formed. Conidia treated with 1 appear to be bloated (roughly 1.5-fold larger in size). Some media impurities
are seen in the background.
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MeOH

20 pg/mL 1

5 pg/mL1
10 pg/mL 1 2

Botrytis cinerea, 7 days, YMG agar

Figure S. 5: Vegetative growth inhibitory activity of 1 against Botrytis cinerea. Inhibition zone @: 8-11 mm
(measured from center of the discs).

Pleosporacin (1)
MeOH 2 mg/mL 3 mg/mL 1% SDS

st sqtaten

Figure S. 6: Drop Collapse Assay. Carried out as previously described by Bittner et al. ['°1. After pipetting the drops
containing pleosporacin (1) do not immediately collapse. However, upon agitation, the drops collapse similar to the
1 % SDS control. The surface tension of the MeOH control is not disturbed even after agitation.

1d
1 1c 1 e

IBWF 020-21

r T T T 1

12 14 16 18 20

t [min]
Figure S. 7: Extracted ion chromatograms (800-1000 m/z, recorded in negative mode) of IBWF 020-21 and
OP12_pleABC mycelia extracts. Some of the putative 1 congeners produced are highlighted as 1b (875 m/z),

1c (903 m/z), 1d (915 m/z) and 1e (945 m/z). Presumably, these congeners harbor different length fatty acyl chains,
namely (in order) decanoic acid, dodecanoic acid, tridecanoic acid and pentadecanoic acid.

130



Third Publication — Supporting Information

PleA

MO M1 M2 M3 M4 M5 M6

M,_A D-GIn L-Ser B-Ala D-Trp L-Ser D-Tyr ﬁf—loading
00009000900000900006096

sym NRPS

M1 M2 M3 M4 M5 M6 M7

FA D-GIn L-Thr B-Ala D-Trp L-Ser D-Tyr skipped gf—loading

¢c. A CG,A ¢ A C,A C,A C A ETC A TE
T T T T T T T

Figure S. 8: Comparison of domain architecture between PleA and sym NRPS (Accession No.: UUM22377.1). A,
adenylation domain; C, condensation domain (S, starter; Dual, condensation/epimerization), E, epimerization
domain; FA, fatty acid (3-hydroxy-myristic acid); MA, myristic acid; T, thiolation domain; TE, thioesterase domain;
Tl, TIGR01720 domain.

Figure S. 9: Diagnostic PCR confirming integration of pleB (left, Primers oCW75 + oCW298, expected amplicon:
1860 bp) and pleC (right, Primers oCW75 + oCW300, expected amplicon: 2163 bp). 1 and 4. OP12_empty
plasmids; 2: OP12_pleAB; 3 and 5: OP12_pleABC
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Ill. Analytical Data

Table S. 4: NMR assignment 'H (600 MHz, Acetone-ds) and '3C NMR (151 MHz, Acetone-ds)

Unit Position 8 C, type & 1H, mult (Hz) Unit Position 8 C, type & 1H, mult (Hz)
p-Gln 1 171.2,q - TDA 1 173.4, g -
2 53.0, CH 4.53(q, 7.0, 1H) 2 34.2, CH, 228, 2.23(t,
7.5, 2H)
3 25.1, CH, 2.00-1.95 (m, 2H) 3 24.5, CH, 1.58 (tp, 13.8,
7.0, 2H)
4 30.2, CH, 2.44-2.29 (m, 2H) 4-11 28.6, 28.5, 1.26-1.17 (m,
28.5, 28.5, 16H)
28.5, 28.3¢
5 172.9,q - 12 30.8 1.26-1.17
NH 7.96 (d, 5.3, 1H) 13 21.5, CH, 1.31-1.26 (m,
2H)
NH2 7.02 (br, 1H)?,6.35 14 12.5, CHs 0.87 (t, 7.0, 3H)
(s, 1H)
L-Ser-1 1 167.8,q - L-Ser-2 1 169.5, q -
2 50.3, CH 4.75 (dt, 10.0, 2.5, 2 56.9, CH 4.19(q, 5.5, 1H)
1H)
3 64.2, CH, 4.86 (dd, 10.8, 2.5, 3 60.3, CH; 3.61(d, 11.9, 1H),
1H), 3.85 (dd, 10.8, 3.59 -3.51 (m,
2.5, 1H) 1H)b
NH 8.65 (d, 10.0, 1H) NH 8.10 (d, 5.6, 1H)
oh 3.87 (br, 1H)
B-Ala 1 171.0,q - p-Trp 1 173.2,q -
2 33.5,CH, 2.68 (ddd, 14.5, 2 53.3,CH 4.69 (q, 7.1, 1H)
10.9, 4.2, 1H), 2.26
—2.23(m, 1H)
3 36.1, CH; 3.59-3.51(m, 3 26.8, CH; 3.20-3.09 (m,
1H)°, 3.11-3.04 2H)°
(m, 1H)
NH 7.46 (br d, 6.3, 1H) NH - 7.82 (s, 1H)
NHnd - 10.15-10.12 (m,
1H)
p-Tyr 1 169.5,q 2/nd 122.9,CH 7.22(d, 2.2, 1H)
2 54.2,CH 3.76 (s, 1H) 3ind 108.5, q -
3 32.7,CH, 3.20-3.09 (m, 2H)< 3a'nd 126.6,q -
NH 7.91(d, 7.4, 1H) 4ind 117.4,CH 7.55(d, 7.9, 1H)
1 128.2, g 5ind 117.8, CH 7.03 (d, 6.1, 1H)?
2,6 114.0, 2C, CH 7.01(d, 6.6, 2H)? 6ind 120.3, CH 7.09 (ddd, 8.1,
7.0, 1.1, 1H)
3,5 129.5, 2C, CH 6.71—6.66 (M, 2H) 7 Ind 110.3, CH 7.37 (dt, 8.1, 0.9,
1H)
iy 154.9, g 7aind 135.6, g -
OH - 8.26 (s, 1H)

a overlapping signals, P overlapping signals, ¢ overlapping signals, ¢ partially covered by solvent signals.

[a]3' +47.8 (MeOH) (c=0.23)

IR (ATR): 7 [cm™'] 3292, 2926, 2854, 1741, 1659, 1651, 1644, 1633, 1539, 1517, 1456, 1342, 1232,

1173.

LRMS (ESI) m/z (%): 933.5 (33) [M+H]".

HRMS (ESI) m/z: [M+Na]" Calcd for [C4sHs7NsNaO11]* 955.4900; Found. 955.4889.

1"
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Figure S. 11: Marfey analysis for determining the stereochemistry of 1. GIn was detected as Glu (conversion during
hydrolysis). 300 nm chromatograms are shown for Ser and Tyr. EICs are shown for Glu and Trp (398 m/z and 455
m/z, respectively) due to unrelated overlapping UV/Vis peaks.
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Figure S. 12: MS? spectrum of pleosporacin (1) recorded with 50 V collision energy.
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Figure S. 13: MS? spectrum of pleosporacin (1) recorded with 75 V collision energy.
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Figure S. 14: Proposed fragmentation of pleosporacin (1) for some of the major ion fragments observed.
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IV. H- and ¥C{'H}-NMR Spectra
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Spectrum S. 1: TH-NMR spectrum (Acetone-ds, 600 MHz, 294 K) of pleosporacin (1).
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Spectrum S. 2: 3C{'H}-NMR spectrum (Acetone-ds, 151 MHz, 294 K) of pleosporacin (1).
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Spectrum S. 3: 'H-'H-COSY (Acetone-ds, 600 MHz, 294 K) of pleosporacin (1).
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Spectrum S. 4: 'H-3C{'H}-HSQC (Acetone-ds, 600 MHz, 294 K) of pleosporacin (1).
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Spectrum S. 5: "H-C{"H}-HMBC (Acetone-ds, 600 MHz, 294 K) of pleosporacin (1).
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Spectrum S. 6: 'H-'H-NOESY (Acetone-ds, 600 MHz, 294 K) of pleosporacin (1).
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Abstract

Paecilomyces marquandii IBWF 003-21 produces vibrant purple pigmented conidia, the color of which can be
attributed to the naphthacenedione natural product saintopin (1). The target compound was previously reported
to exhibit potent topoisomerase-inhibitory activity, yet has not been extensively studied nor has the biosynthesis
been elucidated. In an effort to elucidate the biosynthesis of 1, we mined the genome of Paecilomyces marquandii
for non-reducing polyketide synthases (nrPKS), introduced them into the heterologous host Aspergillus oryzae
OP12 and identified a prime candidate for the biosynthesis of 1 we termed stpA. Deletion of stpA in the native
producer P marquandii abolished production of 1, rendering conidia hyaline in color. stpA phylogenetically clusters
with clade V nrPKS, canonically requiring trans-acting metallo-3-lactamase-like thioesterases (MBL) for product
offloading, however, no MBL is encoded in the vicinity of stpA. Instead, a BLAST-search revealed a single MBL, stpB,
encoded elsewhere in the P marquandii genome, accompanied by a flavin-dependent monooxygenase (FMO),
stpC, and an O-methyltransferase, stpD. Heterologous coexpression of stpA and stpC sufficed for reconstituting 1
biosynthesis in A. oryzae OP12 even without additional coexpression of stpB. Coexpression of stpC alongside the
decaketide-synthase adaA involved in TAN-1612 biosynthesis also resulted in the production of 1, which implies
that the formation of 1 proceeds via a decaketide precursor that is subsequently shortened. While the structure
and biosynthesis of 1 are unique compared to other fungal naphthacenediones, further research is necessary to
elucidate the elusive mechanism underlying the formation of 1.

Introduction

Fungal polyketides have been extensively studied for
their structural diversity and promising biological activi-
ties exploitable for medicinal and agricultural appli-
cations. Notable examples include the blockbuster
cholesterol-lowering drug lovastatin [1], the antifungal
agent strobilurin A produced by Strobilurus tenacellus
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that was used as the lead structure for the development
of B-methoxyacrylate agri-fungicides [2, 3] as well as the
fungistatic drug griseofulvin commonly used for treat-
ment of onychomycosis [4, 5]. Most fungal polyketides
are synthesized by type I iterative polyketide synthases
(PKS), multidomain enzymes that catalyze repeated
decarboxylative Claisen condensation to produce
polyketides of varying modifications and chain length
[6-8].

PKS are divided into reducing and non-reducing types
based on their inherent set of domains. All PKS share
essential ketosynthase (KS), acyltransferase (AT) and
acyl-carrier protein (ACP) domains and can include addi-
tional optional C-methyltransferase (CMeT), reductase

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 Intemnational License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Cormons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creativecommons.org/licenses/by/4.0/.



Fourth Publication

Wieder et al. Fungal Biology and Biotechnology (2025) 12:11 Page 2 of 14

J Graphical abstract

SAT-KS-AT-PT-ACP —

“eperate genomic loci

re

stpC
FMO

StpA
nrPKS

heterologous
expression

/\ OH OH O OH
HO I I I I OH
O

Aspergillus oryzae

Paecilomyces marquandii

Saintopin (1)

Keywords Natural products, Conidial pigment, Non-reducing polyketide synthase, Biosynthesis, Heterologous

| expression

(R) or thioesterase (TE) domains. Non-reducing PKS
additionally canonically harbor a starter acyltransfer-
ase (SAT) [9] and product template (PT) [10] domain
responsible for initial substrate loading and product
cyclization, respectively, but lack reductive domains
found in reducing PKS. The function of the SAT domain
is essential in some cases, particularly when loading
unusual starter units such as hexanoyl-CoA [9] or in hr/
nrPKS hybrid pathways [11], but has been shown to be
dispensable without compromising function in recently
described basidiomycete nrPKS [12]. The product tem-
plate domain has been suggested to act as a substrate
tunnel that prefolds the nascent polyketide to facilitate
aldol-condensation mediated cyclization [13], therefore
being responsible for the (poly-)cyclic structure of non-
reduced polyketide products.

Phylogenetically, nrPKS cluster into 12 distinct clades,
each clade sharing characteristic features in domain
architecture, polyketide length and cyclization pattern
[12-15]. In contrast to most other nrPKS, clade V nrPKS
lack a terminal R- or TE-domain for product offloading,
the function of which is commonly complemented by a
metallo-B-lactamase-like TE (MBL) protein encoded in
the genomic vicinity of clade V nrPKS, firstly described
in atrochrysone carboxylic acid biosynthesis [16]. Fur-
thermore, clade V has recently been subdivided into
three subclades (V-1, V-II and V-III) [12, 15]. While clade
V-1 and clade V-III PKS produce octaketides such as

atrochrysone/endocrocin [16] and unusual heptaketides
such as alternariol [17] and the benzophenone precur-
sor of griseofulvin [18], clade V-II PKS produce nona-
and decacetides such as asperthecin [19, 20], TAN-1612
[20], viridicatumtoxin [21], fumicycline [22], neosartori-
cin [23] and hancockinone A [24] (Fig. 1). Besides MfL,
clade V-II nrPKS additionally cluster with flavin-depen-
dent monooxygenases (FMOs). These FMOs catalyze
C2-hydroxylation, which is indispensable for cyclization
of the fourth ring in the case of naphthacenediones like
TAN-1612, as their absence alternatively results in hydro-
Iytic release of a tricyclic product [20].

The fungal naphthacenedione saintopin (Fig. 1), iso-
lated for the first time in 1990 from Paecilomyces sp., has
previously been shown to exhibit potent topoisomerase I
& II inhibitory activity, making it a promising candidate
for development as an anti-tumor agent [25]. Indeed,
the structurally related bacterial anthracyclines such as
doxorubicin (marketed as Adriamycin®, Fig. 1) are already
being used to treat various cancers, albeit at the high risk
of cardiotoxicity [26]. Despite the promising activity orig-
inally reported, only few studies on saintopin have been
conducted since. While saintopin is structurally related
to other fungal naphthacenediones it does harbor unique
structural features, such as the lack of side chains and
the resulting planarity (Fig. 1), implying an alternative or
extended biosynthetic route. Here we report the isola-
tion of saintopin from Paecilomyes marquandii, which is
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Fig. 1 Selected structures of fungal naphthacenediones and related polyketides

responsible for the conidial pigmentation in the produc-
ing organism, as well as identification and heterologous
reconstitution of saintopin biosynthetic genes in Asper-
gillus oryzae. Saintopin biosynthesis only requires two
enzymes and features an elusive mechanism of polyketide
cyclization diverging from other characterized fungal
naphthacenedione pathways.

Results

Isolation of the Paecilomyces marquandii conidial pigment
saintopin

A fungus with vibrant purple conidial pigmentation was
isolated from a contaminated agar plate in Mainz, Ger-
many. Sequencing of the barcode ITS region (Table S4)
identified the isolate as Paecilomyces marquandii (syn-
onym: Marquandomyces marquandii) and the strain was
deposited at the Institut fiir Biotechnologie und Wirk-
stoff-Forschung gGmbH (IBWE, Mainz, Germany) with
reference number IBWF 003-21. The major metabo-
lite produced in conidia of P marquandii was identified
to be compound 1, the UV/Vis spectrum of which did
align with the purple color of the conidia (Fig. 2). Fortu-
nately, compound 1 was also produced in liquid culture
and preparative amounts were obtained from the extrac-
tion of the mycelia of P marquandii from a 10 L scale-up
fermentation. The purple pigment was isolated from the
crude extract using chromatographic techniques and the
metabolite identified as saintopin (1) by NMR spectros-
copy and HRESIMS analysis (Fig. 2).

Heterologous expression of nrPKS genes identifies a prime
candidate for saintopin biosynthesis

To identify the biosynthetic origin of saintopin (1), the
genome of P. marquandii IBWF 003-21 was sequenced

and assembled into 42.3 Mb, distributed across 406 con-
tigs, with an N50 of 0.7 Mb and a GC content of 51.6%.
The length of the largest contig was 2.6 Mb. The results
indicated a high-quality genome assembly. A total of
6,617,776 clean reads were obtained from Illumina
sequencing, enabling the prediction of 12,761 protein-
coding genes, 8,987 of which had functional annotations.
AntiSMASH analysis supplemented by manual curation
using FunBGCeX results revealed the presence of 81
secondary metabolite (SM) biosynthetic gene clusters
(BGCs), comprising 23 nonribosomal peptide synthe-
tases (NRPSs), 16 polyketide synthases (PKSs), 14 ter-
pene synthases (TPSs), 5 hybrid and 23 other BGCs (e.g.,
ribosomally synthesized and post-translationally-modi-
fied peptides (RiPPs), isocyanide synthases (ICS)).

Given the aromatic structure of saintopin (1), we
hypothesized that its biosynthesis is mediated by a
nrPKS. Compound 1 shares structural similarity with
other fungal naphthacenediones, such as TAN-1612 and
viridicatumtoxin (Fig. 1), however differs in function-
alization and substitution, suggesting a different bio-
synthetic pathway. Among the PKSs identified, seven
were categorized as non-reducing. One of these was
excluded from further analysis due to high similarity
with the sorbicillin BGC of Acremonium chrysogenum.
The six remaining nrPKS genes were cloned into expres-
sion plasmids and introduced into the heterologous host
Aspergillus oryzae OP12 pyrG™ [27] to investigate prod-
uct formation. This strain features a coupled promoter
system, which amplifies gene expression and therefore
results in higher SM production.

Five out of the six nrPKSs produced detectable prod-
ucts in the heterologous host, as evident from the com-
parison with the empty plasmid control strain (Fig. 3).
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Most products were purified from scale-up fermenta-
tion of the mutant A. oryzae strains and their structures
were elucidated by NMR and HRESIMS analysis. While
PmPKS1 and PmPKS2 are strictly orsellinic acid (2) and
nor-toralactone (3) synthases, respectively, PmPKS4
and PmPKS6 produced multiple products of different
chain lengths. OP12_PmPKS4 predominantly produced
6,8-dihydroxy-3-(2-oxopropyl)-1H-2-benzopyran-1-one
(4), orthosporin (5), minor amounts of citreoisocouma-
rin (6) and saccharonol A (7). OP12_PmPKS6 produced
compounds 2 and 7. No products were produced by
OP12_PmPKS5.

OP12_stpA produced only traces of several com-
pounds, the major one being 8 (379 Da [M-H']) and
even smaller amounts of 9 (381 Da [M-H*]), 10 (337
Da [M-H']) and 11 (355 Da [M-H"]) (Fig. 3, Figure
S2). Unfortunately, we were not able to obtain sufficient
amounts of the compounds produced by OP12_stpA for
structure elucidation, as yields were too low and produc-
tion was not scalable. Compounds 8, 9 and 10 shared the

same UV/Vis spectra, suggesting similar molecular struc-
tures (Figure S1). The UV/Vis and identified masses of 8
and 10 align with compounds that were previously iden-
tified when the clade V nrPKS AdaA was assayed in vitro
[20]. Based on this congruence, we propose the struc-
tures of 8 and 10 as the previously reported deca- and
nonaketide anthrapyrones (Fig. 3). As compound 9 also
shares the same UV/Vis and differs from 8 by only+2
Da, we propose 9 to be the reduced congener of 8. The
structure of compound 11 remains ambiguous. Interest-
ingly, upon reinvestigation of P marquandii extracts for
compounds 2—-11, compound 10 could also be detected
in the conidia extract of P marquandii (Fig. 2). In con-
clusion, stpA seems to be the only nrPKS encoded in the
genome of P. marquandii producing polyketides of suf-
ficient chain length required for 1 production, making it
the prime candidate for the biosynthesis of 1.
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Deletion of stpA abolishes saintopin production in P.
marquandii

To assess the involvement of stpA in saintopin (1) biosyn-
thesis, we first sought to establish a transformation proto-
col for P marquandii. Fortunately, employing previously
established protocols frequently used for protoplasting
aspergilli did also successfully yield protoplasts from P,
marquandii mycelia, albeit after prolonged incubation.
However, P marquandii seems highly insensitive to the
most commonly used selection agents (as apparent by
pre-tests, data not shown, e.g., hygromycin, phleomycin,

Page 5 of 14

BASTA, nourseothricin). Despite background growth of
untransformed colonies on the transformation plates we
eventually succeeded in obtaining a single AstpA mutant
by using geneticin (G418) as a selection agent at 1000 pg/
mL (Figure S3). AstpA exhibits an albino phenotype, lack-
ing conidial pigmentation, which is due to the abolish-
ment of the production of 1 (Fig. 4).

Heterologous reconstitution of saintopin biosynthesis
With stpA identified as the core gene involved in the bio-
synthesis of 1, we next sought to reconstitute additional
accessory genes in A. oryzae to elucidate the biosynthetic
pathway. StpA has a SAT-KS-AT-PT-ACP domain archi-
tecture and phylogenetically clusters with clade V nrPKS,
which lack an intrinsic offloading domain and therefore
require trans-acting ML for product offloading. More
specifically, StpA belongs to clade V-II enzymes such
as AdaA and VrtA, that are involved in the biosynthesis
of the fungal naphthacenediones TAN-1612 and viridi-
catumtoxin, and the respective biosynthetic pathways
require action of an FMO for cyclization of the fourth
ring. However, neither a MPBL nor a FMO are encoded in
the vicinity of stpA. A BLAST search of the MBL-coding
gene adaB identified a single homolog in the genome of
P. marquandii we termed stpB. Interestingly, homologs
of the FMO adaC and the O-methyltransferase adaD
are encoded next to s¢pB, which we consequently termed
stpC and stpD, respectively (Fig. 5; Table 1).

We next performed sqRT-PCR analysis (Figure S4) of
all genes surrounding stpA and the trans-cluster encod-
ing stpBCD with ¢cDNA derived from cultures produc-
ing or not producing 1. Unfortunately, the results did not
show any correlation between gene expression and pro-
duction of 1, implying an alternative regulatory mecha-
nism, making it difficult to assess genes involved in the
biosynthesis of 1. To experimentally probe accessory
genes involved in the biosynthesis of 1, we co-introduced
the homologs necessary for the production of naph-
thacenediones in other biosynthetic pathways, namely
stpABC, into the triple auxotrophic A. oryzae OP12 3A
[28] and performed metabolite analysis as previously.

Coexpression of stpA and stpB did not yield any new
compounds, other than those already produced by
solely stpA, namely trace amounts of 8, 9, 10 and 11
(Fig. 6). Intriguingly, the coexpression of stpABC but
also stpAC resulted in the production of 1 (Fig. 6) and
various other, presumably shunt products (13-18, Fig-
ure S5). Compounds 10 and 11 were still produced in
OP12_stpAC and OP12_stpABC, whereas compounds 8
and 9 could not be detected. An additional compound
12 (323 Da [M-H"]) was detected predominantly in cul-
ture filtrate extracts of OP12_stpAC and OP12_stpABC.
Attempts towards purifying 12 were unsuccessful, since
all fractions purified by preparative HPLC additionally
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Table 1 Proposed function of stp genes

Gene Size BlastP hit* Iden- E-value Proposed protein
(aa) tity function
(%)
stpA 1824 D7PHZ21 6901 00 nrPKS
(SAT-KS-AT-PT-ACP)
stpB 319 Q4WA58.1 6000 Te-141 metallo-B-lactamase-

like thioesterase

stpC 421 D7PHZ9.1 5940 00 FAD-dependent
monooxygenase
stpD 244 D7PHZ7.1 6099 3e-100  O-methyltransferase

*Uniprot as reference database

contained 1. The mass difference of 14 Da between 12
and 1 might indicate spontaneous oxidation of a non-
quinone precursor we termed presaintopin (12) in the
presence of oxygen to afford the quinone moiety in sain-
topin (1). This would explain the presence of 1 in purified
fractions of 12. During preparation of mycelia extracts,
compounds are exposed to atmospheric oxygen for a
longer period of time as compared to culture filtrate

located elsewhere in the genome

Arestin- MCO Mg2+/Zn2+ HET sulfatase

like Transporter stpD stpC
oMeT FMO

tp
MBL-like TE

extracts, resulting in complete oxidation of 12 to 1, and
non-detection of 12 in mycelia extracts. Indeed, during
the preparation of mycelia extracts of P marquandii,
OP12_stpAC or OP12_stpABC, the extracts are initially
orange-colored and will only turn increasingly purple
with prolonged incubation, indicative of conversion of 12
to 1.

The mechanism underlying the formation of sain-
topin (1) is elusive as the reaction catalyzed by StpC is
not readily apparent from the structure of 1. To gain
first mechanistic insights into the formation of 1, stpC
was introduced alongside either the decaketide synthase
adaA or the nonaketide synthase aptA into A. oryzae
OP12 3A (Fig. 6). Expression of aptA and aptA/stpC
resulted in the production of only 11, with no apparent
differences between the two mutants, whereas formation
of 1 was not observed (Fig. 6). In contrast, expression of
adaA and adaA/stpC resulted in the production of the
same compounds observed for stpA and stpAC, respec-
tively, with adaA/stpC producing 1 (Fig. 6, Figure S6).
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This implies the necessity of a decaketide precursor for
the production of 1. Based on these findings we propose
a biosynthetic scheme for the production of 1 (Fig. 7).

Discussion

In the present study, we successfully linked the purple
color of P. marquandii conidia to the production of the
naphthacenedione polyketide pigment saintopin (1).
While most fungi produce pigmented conidia, the pig-
ments differ between species. Many fungi produce
melanins for conidial pigmentation, oligo-/polymers
derived through oxidative polymerization from vari-
ous monomeric precursors, such as dihydroxynaphtha-
lene (DHN), L-dioxyphenylalanine (DOPA) or the more
recently described aspulvinone E [29, 30]. Amongst
others, melanins have been associated with photopro-
tection, they have shown antioxidant properties, they
contribute to temperature- and osmo-tolerance and they
are vital for cell development and virulence in patho-
genic fungi [29, 31, 32]. Irrespective of the type of pig-
ment produced, conidial pigmentation plays a vital role

OH OH O OH

OH OH OH OH

Q]
9000 gresse
HO OH HO OH

o
Saintopin (1)

in protection against UV-induced DNA damage [33]. It
was previously shown for another Paecilomyces species
that production of the conidial pigment YWA1 increases
tolerance towards UV irradiation [34]. Furthermore,
bis-naphthopyrone pigments produced by Fusarium
species display non-toxic antifeedant activity against fun-
givorous animal predators [35]. While the exact biologi-
cal and ecological function of 1 in P marquandii remains
unclear, it likely plays a similar protective role described
for other conidial pigments.

To elucidate the biosynthesis of saintopin (1), we first
performed heterologous expression of nearly all nrPKS
encoded in the genome of P marquandii in the heter-
ologous host A. oryzae OP12 [27, 28]. Whereas five of
six nrPKS produced different polyketide products of
varying chain lengths (2-11), expression of PmPKS5
did not lead to the production of a polyketide product.
This might be due to the involvement in a hybrid/coop-
erative biosynthetic pathway, where the nrPKS is primed
by e.g., hrPKS- or FAS-derived precursors [11, 36].
Production of polyketides of different chain lengths in
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varying abundancies from a single nrPKS, as is the case
for PmPKS4 and PmPKS6, is frequently observed [37-
39]. The reduced polyketides 5, 6 and 9 are shunt prod-
ucts that likely derive from the action of an endogenous,
promiscuous reductive enzyme of A. oryzae such as e.g.,
Aoil, involved in the reduction of 4 to 5 in the A. oryzae
8-methyldiaporthin biosynthetic pathway [40]. Moreover,
compounds 8-10 are proposedly quinones that derived
from their respective non-quinone precursors through
spontaneous oxidation in the presence of oxygen, similar
to the proposed conversion of 12 to 1. Spontaneous qui-
none formation has previously been observed for other
aromatic polyketides such as e.g., endocrocin [16] and
flaviolin [41].

Heterologous expression of PmPKS2, PmPKS3,
PmPKS4 and PmPKS6 yielded large amounts of their
respective polyketide products, more than sufficient
for isolation and structure elucidation. In contrast, het-
erologous expression of stpA only led to production of
trace amounts of the nona-/decaketides 8-11. Since
clade V nrPKS do not harbor an intrinsic offloading
domain, product release from StpA likely only occurs
via slow spontaneous hydrolysis or a-pyrone formation
in the absence of a trans-acting offloading enzyme. The
low yield of 8-11 hindered the production of sufficient
amounts for isolation and structure elucidation. While
the structures of 8-10 were proposed based on previ-
ously reported products produced by AdaA in vitro [20],
the structure of 11 remains ambiguous. Nevertheless, 11
is assumed to be a nonaketide, as it was also produced
by OP12 expressing aptA, which reportedly is a nona-
ketide synthase [20]. As the compounds produced by
OP12_stpA are the only polyketides sufficiently similar
in size to 1, we deleted stpA in the native producer. This
resulted in the loss of conidial pigmentation and abol-
ished the production of 1, which unequivocally linked the
biosynthesis of saintopin (1) to the nrPKS szpA.

As stpA does not suffice for 1 production, we aimed to
investigate the accessory genes required for biosynthesis.
Homologs of the MBL adaB, FMO adaC and O-meth-
yltransferase adaD involved in TAN-1612 biosynthe-
sis [20] were found located elsewhere in the genome
of P marquandii instead of clustered alongside stpA.
While encountered only infrequently in fungi, there are
reports on BGCs that are split across multiple loci in
the genome, such as e.g., the austinol biosynthetic genes
in Aspergillus nidulans [42]. As no correlation between
1 production and expression of stpABCD and any of
the genes encoded in the vicinity of szpA was observed
in sqRT-PCR analysis, stpBC were coexpressed along-
side stpA in an effort to identify biosynthetic intermedi-
ates. Unexpectedly, coexpression of stpAC did already
suffice to reconstitute the production of 1 in A. oryzae,
whereas additional coexpression of stpB did not result
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in any apparent differences. Apart from 1, OP12_stpAC
and OP12_stpABC produced various, presumedly shunt
products (13-18) that might arise from 12 or 1 via the
action of endogenous A. oryzae enzymes, which might
serve as a strategy to cope with the reported toxicity of 1
[25]. The biosynthesis of 1 is proposed to proceed via the
non-quinone intermediate 12 that spontaneously under-
goes quinone-oxidation in the presence of oxygen.

To gain first insights into the rationale underlying the
formation of 1, the nona- and decaketide synthases aptA
and adaA were heterologously expressed in A. oryzae
OP12 with and without additional coexpression of stpC.
Expression of aptA and aptA/stpC resulted in the pro-
duction of only 11, which was contrary to our expecta-
tions, as AptA was previously reported to produce 10 in
vitro [20]. Heterologous expression of adaA resulted in
the production of the same nona- and decaketide prod-
ucts that were also produced by stpA, and coexpression
of adaA/stpC similarly resulted in the production of
the same compounds produced by stpAC and stpABC,
including 1. This implies the formation of 1 to proceed
via a decaketide (C,,) precursor, although the structure
of 1 contrary suggests a nonaketide (C,4) origin. There-
fore, the decaketide precursor seems to be deactetylated
during the StpC-mediated formation of 1.

Intriguingly, 1 does not contain a methyl- (e.g.,
atrochrysone carboxylic acid), acetyl- (e.g.,, ATHN) or
longer chain poly-p-ketone (e.g., YWALI) side chain usu-
ally present in non-reduced polyketide scaffolds that
arises from the mechanism of terminal cyclization. The
only other fungal-derived polyketide sharing this struc-
tural feature is the melanin precursor THN. It is usu-
ally synthesized from the precursors ATHN [43] or
YWALI [44—46] through enzymatic polyketide shortening
(deacetylation or deacetoacetylation) by hydrolases such
as Ayglp [45] (Fig. 8B). However one enzyme, CIPKS1,
was described to synthesize THN directly. It was previ-
ously assumed that THN is synthesized by CIPKS1 from
solely malonyl-CoA [41], facilitating the late decarbox-
ylation of the starter malonate-unit and therefore elimi-
nation of the sidechain during second ring cyclization,
this hypothesis was however later proven incorrect.
Even though CIPKSI is indeed a true THN synthase, it
was shown that ATHN emerges as a bound intermedi-
ate, which however is deacetylated by CIPKS1 unique
TE domain during Dieckmann cyclization [47] (Fig. 8C).
While it was recently shown that basidiomycete nrPKS
are capable of synthesizing polyketides solely from mal-
onyl-CoA [12], no enzyme has been reported to date
that catalyzes decarboxylation-facilitated terminal cycli-
zation as initially proposed for CIPKS1 [41]. Recently,
another intriguing polyketide shortening mechanism has
been reported to occur in dichlodiaporthin biosynthesis
[50]. The flavin-dependent halogenase (FDH) domain
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(A) Canonical naphthacenedione cyclization mechanism (Li et al., 2011)
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Fig. 8 Cyclization and polyketide shortening mechanisms in polyketide biosynthetic pathways [20, 45, 47, 50]

of the bifunctional enzyme AoiQ gem-dichlorinates the
1,3-diketone moiety of a polyketide substrate, resulting
in deacetylation facilitated by spontaneous nucleophilic
addition of water at the terminal carbonyl moiety and
subsequent cleavage [50] (Fig. 8D).

The fungal naphthacenediones reported so far, namely
TAN-1612, viridicatumtoxin [21], hypomycetin [48] and
anthrotainin [49], all share the same basic scaffold imply-
ing a common biosynthetic rationale. While viridicatum-
toxin biosynthesis has only been proposed based on the
deletion of a few biosynthetic enzymes [21], TAN-1612
biosynthesis has been investigated in detail [20], offer-
ing insights into the canonical mechanism for fungal

naphthacenedione formation. The nrPKS involved in
TAN-1612 biosynthesis, AdaA, belongs to clade V-II
nrPKSs. Therefore, AdaA lacks a terminal offloading
domain and is dependent on the trans-acting MPL AdaB
for product release [16]. First and second ring cyclization
in TAN-1612 biosynthesis are catalyzed via PT domain
mediated aldol condensation whereas the third ring
cyclization occurs via spontaneous aldol cycloaddition,
resulting in the conservation of a hydroxyl moiety at posi-
tion C15. The cyclization of the fourth ring is in turn cat-
alyzed by the MBL AdaB but requires C2-hydroxylation
introduced by the FMO AdaC (Fig. 8A). The other related
fungal naphthacenediones also share this structural
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feature of C2- and C15- hydroxylation, whereas 1 lacks
both hydroxylations. While AdaB is dispensable for
TAN-1612 formation, as fourth ring cyclization can also
occur spontaneously after C2-hydroxylation, coexpres-
sion did substantially improve productivity in the heter-
ologous host S. cerevisiae [20]. In contrast, no apparent
differences in productivity were observed between
stpABC and stpAC. Although cross-complementation of
AdaA with AptB was reported to be unsuccessful [20], it
cannot be ruled out that StpA could potentially be cross-
complemented by the A. oryzae intrinsic (solely encoded)
MBL DiaB (A0090701000529), canonically involved in
dichlorodiaporthin biosynthesis [50]. Alternatively, StpB
might be entirely dispensable for the production of 1.

The two related fungal decaketides fumicycline and
neosatoricin are proposed to be released prior to FMO-
catalyzed C2-hydroxylation [22, 23], resulting in the
formation of non-naphthacenedione products, which
suggests a diverging interaction between the FMOs and
nrPKSs (on-line vs. post-synthesis modification). As
saintopin (1) lacks C2-hydroxylation but formation of
1 is dependent on StpC, the function of StpC might be
entirely different from other reported naphthacenedione
FMOs. StpC seems to somehow facilitate both polyketide
shortening and cyclization of the fourth ring in 1 biosyn-
thesis. Although compound 8 is only produced in traces
when only stpA is expressed, it cannot yet be ruled out,
that oxidative transformation of 8 to 1 (or the non-qui-
none precursor of 8 to 12) occurs post-synthesis. While
heterologous reconstitution of saintopin (1) biosynthesis
provides first evidence for a unique biosynthetic pathway
(Fig. 8E), further research will be necessary in the future
to elucidate the function of StpC and the elusive mecha-
nism underlying saintopin (1) formation.

In summary, we identified the conidial pigment pro-
duced by P marquandii as saintopin (1) via purifica-
tion and structure elucidation. In an effort to unravel
the biosynthesis of the unusual naphthacenedione 1,
we performed genome sequencing, genome mining and
heterologous expression of nrPKS genes in A. oryzae,
identifying a candidate nona-/decaketide nrPKS, stpA,
involved in the biosynthesis of 1. Establishing the trans-
formation of P. marquandii enabled the deletion of stpA
in the native producer, which led to the loss of conidial
pigmentation and the abolishment of the production of 1,
unequivocally linking the biosynthesis of 1 to stpA. As no
correlation was found between gene expression and the
production of 1, we reverted to heterologous coexpres-
sion of candidate accessory genes in A. oryzae to iden-
tify additional genes involved in the biosynthesis of 1.
Intriguingly, the coexpression of solely stpA and the FMO
stpC led to the production of 1 in the heterologous host.
As coexpression of the decaketide synthase adaA, but
not the nonaketide synthase aptA, alongside stpC also led
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to the production of 1, formation of 1 is proposed to pro-
ceed via a decaketide intermediate that is subsequently
shortened. Although StpC seems to facilitate polyketide
shortening and fourth ring cyclization in the biosynthesis
of 1, the underlying mechanism remains elusive as of yet.

Methods

Strains & cultivation

Paecilomyces marquandii strain IBWF 003-21 was iso-
lated from a contaminated agar plate in Mainz, Germany
in 2020 and is deposited at the Institut fiir Biotechnologie
und Wirkstoff-Forschung gGmbH (IBWF, Mainz, Ger-
many). P. marquandii was routinely cultivated on solid
YMG (2% malt extract, 1% glucose, 0.4% yeast extract)
agar plates at room temperature. Aspergillus oryzae OP12
pyrG~ and OP12 3A were routinely cultivated on GG10
(1% glucose, 10 mM glutamine, 0.152% KH,PO,, 0.052%
KCl, 0.052% MgSO,- 7 H,O, 1 mL/L Hutners trace ele-
ments) supplemented with 10 mM uridine (OP12 pyrG~)
or 10 mM uridine, 0.0001% PABA and 0.05% arginine
(OP12 3A) at 30 °C. Spore suspensions of fungi were pre-
pared in PBS supplemented with 0.01% Tween 80 and
filtered through miracloth. E. coli strain NEB DH5« was
used for plasmid propagation. All mutant strains used in
this study are listed in Table S1.

Bioinformatic analysis

The genomic DNA was sequenced using paired-end Illu-
mina HiSeq 2500 with 2x150 bp reads. Initial quality
assessment of the raw sequencing data was performed
using FastQC (version 0.11.9) to ensure high data integ-
rity. Following quality assessment, the reads were fil-
tered for quality, and the assembly was carried out using
SPAdes (version: 3.15.2). The filtered reads were assem-
bled using SPAdes, with the following command:

/opt/anaconda3/envs/de_novo_assembly/bin/
spades.py -1 BGC/l.fastq.gz -2 BGC/2.fastq.gz -o
BGC/spades_kmers_set_careful_assemblyl -t 4 -k
77,99,121 --careful --only-assembler.

The SPAdes assembler was used with k-mer sizes of 77,
99, and 121, along with the --careful flag to minimize
mismatches. The quality of the assembled contigs was
evaluated using QUAST (version: 5.0.2), and the assem-
bly with the highest N50 and largest contigs was selected
for further analyses.

For gene prediction, the best assembly was pro-
cessed using pretrained fungal models in Augustus, as
implemented in Blast2GO. Functional annotation was
performed by executing BLAST searches against the
following databases: NR (NCBI non-redundant protein
sequences), InterPro and Swiss-Prot.
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IGV (version: 2.14.0) was used to visualize the assem-
bled genome. The resulting GFF file, along with the
scaffolds from the best assembly, was then utilized in
antiSMASH (version: 7.1.0) analysis by leveraging spe-
cific profile hidden Markov models to identify fungal
biosynthetic gene clusters (BGCs) encoded within the
genome. The results were further compared and supple-
mented by FunBGCeX (Fungal Biosynthetic Gene Clus-
ter eXtractor), a genome mining tool designed for fungal
natural product discovery. FunBGCeX detects biosyn-
thetic proteins by referencing a manually curated data-
base of fungal natural product biosynthetic gene clusters
(FunBGCs). Identified secondary metabolite (SM) BGCs
were further investigated and characterized through
manual curation of gene annotations using NCBI
BLASTp analysis.

Plasmid construction

Genomic DNA of fungi was prepared using the GeneJET
Plant Genomic DNA Purification Kit (Thermo Fisher).
PmPKS1, PmPKS2, stpA, PmPKS4, PmPKS5, PmPKS6,
stpB, stpC, aptA and adaA were amplified from genomic
DNA of P. marquandii IBWF 003-21, Aspergillus nidu-
lans FGSC A4 or Aspergillus niger FGSC Al1144 using
the Q5-HotStart DNA-Polymerase (NEB) and assembled
into Ncol restricted plasmids his_SM-Xpress_URA [27],
SMX-Xpress_Ura [27], SM-Xpress_pabA [51] or SM-
Xpress_argB(mut) [28] using the NEBuilder® HiFi DNA
Assembly 2 x Master Mix (NEB). For deletion of stpA,
flanking regions (795 bp and 856 bp, respectively) were
amplified from genomic DNA, the G418 resistance cas-
sette was amplified from pC-G418-YR (Addgene plas-
mid No. 61767) [52] and assembled into Smal-restricted
pUCI19 to make pKO_stpA_G418. The KO-cassette was
retrieved from the plasmid using NotlI prior to transfor-
mation. Expression plasmids were linearized prior to
transformation using appropriate restriction enzymes.
All oligonucleotides used for cloning are listed in Table
S2.

sqRT-PCR

RNA of P marquandii was isolated using the RNeasy
Plant Mini Kit (Qiagen). DNA was removed from RNA
samples using DNasel, RNAse-free (Thermo Fisher)
prior to reverse transcription into cDNA using the Rever-
tAid First Strand cDNA Synthesis Kit (Thermo Fisher).
DreamTaq HotStart MM (Thermo Fisher) was used for
all sqRT-PCRs according to the manufacturer’s instruc-
tions. cDNA concentrations were normalized to the sig-
nal intensity of the bTub amplicon. All sqRT-PCRs were
carried out using the same reaction conditions. All oligo-
nucleotides used for sqRT-PCR are listed in Table S3.
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Fungal transformation

Protoplast transformation of A. oryzae has been car-
ried out as previously described [27]. P marquandii
was transformed analogously however took longer for
protoplast formation (~6 h). Transformed P. marquan-
dii protoplasts were regenerated on GG10S1.2 (GG10
supplemented with 1.2 M sorbitol) supplemented with
1000 pg/mL geneticin (G418) at room temperature for
10-14 days until single transformant colonies appeared.

Fermentation, metabolite extraction, analysis &
purification

After fermentation (see below), cultures were separated
into mycelia and culture filtrate through vacuum filtra-
tion or filtering over miracloth. Culture filtrates were
acidified with a few drops of 6 N HCl (improved sol-
vent solubility of most aromatic polyketides), extracted
with an equal amount of ethyl acetate and extracts
were dried under vacuum at 45 °C. Mycelia and conidia
were extracted with methanol: acetone (1:1) shaking at
120 rpm for one hour before filtration and drying under
vacuum at 45 °C. Extracts were redissolved in MeOH and
applied to HPLC-MS analysis using a LiChrospher 100
RP-18 (125 mm x 2 mm, 4 um, Merck KGaA).

For secondary metabolite screening of OP12 mutants,
spores were routinely inoculated into 50 mL 2% starch
medium (2% soluble starch, 20 mM glutamine, 0.152%
KH,PO,, 0.052% KCI, 0.052% MgSO, 7H,O, 1 mL/L
Hutners trace elements) and incubated shaking at
150 rpm and 30 °C for 2 days.

For isolation of RNA, P marquandii was cultured in
500 mL of YMG, PDB (Difco) and CZ media (3% Sucrose,
0.3% NaNO,, 0.1% K,PO,, 0.05% MgSO,- 7 H,0, 0.05%
KCl, 0.01% Fe,(SO,);) shaking at 120 rpm at room tem-
perature for 96 h. Samples of each culture were taken
after 48 h, 72 h and 96 h, respectively, the mycelia was
washed with H,O and snap-frozen in LN,. The mycelia
was lyophilized and subsequently used for RNA extrac-
tion and metabolite extraction.

For comparison of metabolite production, P mar-
quandii W'T and AstpA strain were cultured in 500 mL
of YMG media for 4 days shaking at 120 rpm at room
temperature.

For the isolation of 1, P marquandii was cultivated
in 5x2 L YMG-medium shaking at 120 rpm for 6 days
at room temperature. The mycelia was lyophilized and
extracted with MeOH: acetone (1:1) overnight twice. The
extract was dried in vacuo and pre-fractioned via SPE
on a Bond Elut C18 column (Agilent) before subsequent
purification using preparative HPLC.

For the isolation of 2 and 7, the mycelia of an overnight
250 mL YEPD preculture of OP12 PmPKS6 was trans-
ferred into 2.5 L of 2% starch media and incubated shak-
ing at 120 rpm at 28 °C for 3 days. For the isolation of
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Table 2 Preparative HPLC eluent composition & compound

yields

Compound % ACN Yield
Saintopin (1) 48 58mg
Orsellinic acid (2) 37 42 mg
nor-Toralactone (3) 30 7.2mg
6,8-dihydroxy-3-(2-oxopropyl)-1H- 28 104.7 mg
2-benzopyran-1-one (4)

Orthosporin (5) 28 41.8mg
Citreoisocoumarin (6) 28 1.8 mg
Saccharonol A (7) 37 71.1'mg

compound 3 the mycelia of overnight 250 mL YEPD pre-
cultures of OP12 PmPKS2 was transferred into 2x2.5 L
of 2% starch media and incubated shaking at 120 rpm at
28 °C for 3 days. For the isolation of compounds 4-6 an
overnight 250 mL YEPD preculture of OP12 PmPKS4
was inoculated into 2.5 L of 2% starch media and incu-
bated shaking at 120 rpm at 28 °C for 3 days. The culture
filtrates were extracted with an equal amount of ethyl
acetate and the crude extracts applied to preparative
HPLC.

Compounds were purified by preparative HPLC on
a Sunfire C18 column (1004, 5 pym, 19 mm x 250 mm,
Waters GmbH) running isocratic flows of ACN and 0.1%
formic acid in H,O at 17 mL/min flow (eluent compo-
sition and yields are listed in Table 2). Crude extracts
applied to preparative HPLC were dissolved in DMSO.

Analytical chemistry and structure elucidation

Thin layer chromatography

Analytical thin-layer chromatography (TLC), 0.25 mm
silica plates (60 F254) from Merck were used, and the
detection was reached by fluorescence quenching under
UV light (A =254 nm) or by staining with potassium per-
manganate reagent (solution of KMnO, (3 g), K,CO;
(20 g), 5% NaOH (5 mL), and H,O (300 mL)) followed by
heating to 400 °C.

NMR spectra

Measured NMR spectra were, unless otherwise men-
tioned, recorded at 296 K on a 600 MHz Bruker Avance-
III 600 spectrometer with a 5 mm TCI cryoprobe. After
prior referencing to the residual solvent signal (CDCl;:
7.26 ppm & 77.16 ppm; DMSO-dg: 2.50 ppm & 39.52
ppm; DME-d,: 2.75 ppm & 29.76 ppm for 'H NMR
and 13C NMR, respectively), all chemical shifts (5) are
reported relative to residual solvent [53]. Coupling
constants were reported in Hz and the signal multi-
plicities were abbreviated as follows: s (singlet), d (dou-
blet), t (triplet), q (quartet), qd (quartet of doublet), m
(multiplet).
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Infrared spectra

Infrared spectroscopy was performed on a Bruker Tensor
27 FTIR spectrometer including a diamond ATR unit and
are reported in terms of absorption frequency v [cm™].

Mass spectra

HRMS was conducted on an Agilent G6545A Q-ToF
with ESI, APCI or APPI source coupled with an Agilent
1260 Infinity Il HPLC system. If not described otherwise,
spectra were recorded using positive ionization mode.

Optical rotations

Optical rotation measurements were accomplished with
a Perkin-Elmer 241MC polarimeter at A=589 nm. A sol-
vent-filled cuvette was used for instrument calibration
[54].
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Figure S. 1: UV/Vis-spectra of purified compounds 2—7, detected compounds 8-18 and peak X
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Figure S. 2: Magnified chromatogram (250 nm) of the OP12_stpA culture filtrate extract and assignment of an
additional presumed shunt product (13). Mass data was recorded in negative mode. The UV/Vis spectrum of 13
can be found in Figure S. 1.
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Figure S. 3: Verification of stpA-deletion. (A) PCR-strategy for verification of deletion. The grey boxes represent the
flanks used for homology directed deletion of stpA. Primers 5’- and 3’- of the flanks and within the G418 resistance
cassette were used to amplify sequences from PmWT and AstpA DNA. (B) PCR-amplicons observed are in accord
with the deletion strategy, confirming identity of the AstpA deletion mutant. * denotes an off-target amplicon
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Figure S. 4: sqRT-PCR of stpA clustered and non-clustered genes. P. marquandii was inoculated cultivated in either
YMG, PDB or CZ media for 4 days shaking at 120 at room temperature. After 48, 72 and 96 hours, 50 mL samples
were taken for isolation of RNA and evaluation of saintopin (1) production by HPLC. RNA was reverse transcribed
into cDNA and cDNA concentrations adjusted to produce similar intensity B-tub signals. Primers were designed
intron-spanning as far as possible. Homologs of other napthacenedione biosynthesis genes are highlighted in bold.
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Figure S. 5: Magnified chromatogram (250 nm) of the OP12_stpAC mycelia extract and assignment of some
additional presumed shunt product (14—18). Mass data was recorded in negative mode. The UV/Vis spectra of 14—

18 can be found in Figure S. 1.
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Figure S. 6: Magnified chromatogram (250 nm) of the OP12_ adaA/stpC mycelia extract and assignment of some
additional presumed shunt product (14, Peak X). Mass data was recorded in negative mode. The UV/Vis spectra

of the left and right side of Peak X can be found in Figure S. 1.
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Figure S. 7: Phylogenetic analysis of flavin-dependent monooxygenases involved in naphthacenedione and
dichlorodiaporthin biosynthetic pathways. The amino acid sequences of the flavin-dependent monooxygenases
were aligned using the MUSCLE algorithm [1] on the EMBL-EBI webpage. A maximum likelihood phylogenetic tree
was created using W-IQ-Tree [2] and visualized with iTOL [3], rooting the tree at the midpoint. opaC was included
as an outgroup. *only the FDH domain [4] of aoiQ was used for the alignment
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Table S. 1: Mutant strains used in this study
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Strain Genotype Produces  Source

OP12 pyrG- PamyB:terR_ptrA; pyrG- / [5]

OP12 3A PamyB:terR_ptrA; pyrG-, ApabA, AargB / [6]

OP12 empty plasmid PamyB:terR_ptrA, pyrG* / This study

OP12 3A empty plasmids PamyB:terR_ptrA, pyrG*, pabA*, argB* / [6]

OP12_PmPKS1 PamyB:terR_ptrA; PterA:nHis-PmPKS1_URA 2 This study

OP12_PmPKS2 PamyB:terR_ptrA; PterA:PmPKS2_URA 3 This study

OP12_stpA PamyB:terR_ptrA; PterA:nHis-stpA_URA 8,9 This study

OP12_PmPKS4 PamyB:terR_ptrA; PterA:nHis-PmPKS4 URA 4-7 This study

OP12_PmPKS5 PamyB:terR_ptrA; PterA:nHis-PmPKS5_URA / This study

OP12_PmPKS6 PamyB:terR_ptrA; PterA:nHis-PmPKS6 URA 2,7 This study

OP12_aptA PamyB:terR_ptrA; PterA:aptA_URA 1" This study

OP12_adaA PamyB:terR_ptrA; PterA:adaA_URA 8,9 This study

OP12_stpAB PamyB:terR_ptrA; PterA:nHis-stpA_URA, 8,9 This study
PterA:stpB_pabA; AargB

OP12_stpAC PamyB:terR_ptrA; PterA:nHis-stpA_URA, 1,10 This study
PterA:stpC_argB(mut); ApabA

OP12_stpABC PamyB:terR_ptrA; PterA:nHis-stpA_URA, 1,10 This study
PterA:stpB_pabA; PterA:stpC_argB(mut)

OP12_aptA/stpC PamyB:terR_ptrA; PterA:aptA_URA, 1" This study
PterA:stpC_argB(mut); ApabA

OP12_adaA/stpC PamyB:terR_ptrA; PterA:nHis-stpA_URA, 1,10 This study
PterA:stpC _argB(mut); ApabA

Table S. 2: Oligonucleotides used for cloning

Oligo Sequence Purpose

oCW126 Accatgcatcatcatcaccatcaccatggagcttacactagccatgtect Amplification of PKS1 for

oCW170 cggttcagattgaaatcactgctgttatctcatgttgtgtaagcaatat cloning

oCW273 catttaacaaacttctcatcacagcaccatgggacatccagggagettgt Amplification of PKS2 for

oCW277 ccttacgccttccattcate cloning

oCW278 gatgaatggaaggcgtaagg

oCW143 cggttcagattgaaatcactgctgttatcctaageccatagectggegaa

oCW172 accatgcatcatcatcaccatcaccatggatacgatacggttggcacagce Amplification of stpA for

oCW135 cggttcagattgaaatcactgctgttatcttagecagttectggtcaac cloning

oCW173 accatgcatcatcatcaccatcaccatggagtcaccgccgcagacgtegg Amplification of PKS4 for

oCW174 cggttcagattgaaatcactgctgttatcctataaaaaggcaataatga cloning

oCW175 accatgcatcatcatcaccatcaccatggagccaagatattttgecacgt Amplification of PKS5 for

oCW176 cggttcagattgaaatcactgctgttatcttagggettatcagacatga cloning

oCW177 accatgcatcatcatcaccatcaccatggatatcgatctgagacaacaga Amplification of PKS6 for

oCW178 cggttcagattgaaatcactgctgttatctcacttgectacattattgg cloning

oCW164 catttaacaaacttctcatcacagcaccatgGCGACACCCAGTCCTCTCG Ampliﬁcation of sth for

oCW165 ctatacggttcagattgaaatcactgctgcCTAGTCAGAATCAGACACCA cloning

oCW249 catttaacaaacttctcatcacagcaccatgGCCATCAAGAGCCCAGCCG Amplification of stpC for

oCW250 ctatacggttcagattgaaatcactgctgectaageccgtcactgtteegg cloning

oCW331 Catttaacaaacttctcatcacagcaccatgtctgecccctacgaagetgg Amplification of adaA for

oCW332 ctatacggttcagattgaaatcactgctgectcagecaatactgetccaacc cloning

oCW333 Catttaacaaacttctcatcacagcaccatgaaagacaatacgcatagca Amplification of aptA for

oCW334 ctatacggttcagattgaaatcactgctgcectaacagtactgetctaacc cloning

oCW151 aggtcgactctagaggatccccGCGGCCGCgegaacatgtagattggtgg Amplification of left flank for

oCW152 CAAGCCCAAAARATGCTCCTTCAATATCAGcaacggacttgtcacctctc pKO_stpA_G418

oCW153 ttattataaggagaggtgacaagtccgttgCTGATATTGAAGGAGCATTT Amplification of G418

oCW154 atggttgaggtgttaccatggttgaccgacCATCATGCAACATGCATGTA C tte for pKO_stpA_G418

oCW155 CATCAGACAGTACATGCATGTTGCATGATGgtcggtcaaccatggtaaca Amplification of right flank for

oCW156 agtgaattcgagctcggtacccGCGGCCGCgacaagagtccagtecgagt pKO_stpA_G418
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Table S. 3: Oligonucleotides used for sqRT-PCR

Oligo Sequence sqRT-PCR Amplicon
oCW121  ATGATGGCCGCTTCTGACTT

oCW122 CTCCTCTTCCTCCTCGTCAA  B-tub

oCW218 ctggattgcattctggcet

oCW219 gatcgaagccggataaga TF

oCW220 gacgtcaacacatacagc

oCW221 ccagactgctacgaatct glycoside hydrolase
oCW222 gcaaaccagaagaagcca

oCW223 cgtacaagctgaacttgg MFS

oCW224 gctcaatggatatgeget

oCW225 cacgcggttgttcaagaa carboxyl esterase
oCW226 ggaatcagttgcgtgatyg
oCW227 cggcatcggttcatacat oxidoreductase

oCW228 gatggcaagtcgatgcat
oCW229 ctatctcgacaaggtgac stpA
oCW230 gccgecatcgaaattaac

oCW231 ccttgatagtaggtacgg arrestin-like
oCW232 gttctcggagatcaacac
oCW233 ggtatatctcgctctgea MCO

oCW234 caacatataccgcgecta

oCW235 gtagtccttgtcegtactc Mg2*/Zn*-transporter
oCW236 ccacttatcaacccacga

oCW237 gtggtagaagtgcatcca HET

oCW238 ccttccctctcatagtca

oCW239 cgtttgcccttcatcatg sulfatase
oCW240  GACGGCTGTGTTTGAGAA
oCW241 GATACGACGAGAGCTCTT stpB

oCW242 GTCCAGGCTGTTCATGTA
oCW243 CCTCTGTCTCACGTTGAA stpC
oCW244  GCCARGGAATCGTACAAG
oCW245 GCGCCTTCTCAAAGTCAA stoD

Table S. 4: ITS sequence of P. marquandii IBWF 003-21

Fungal strain __ITS sequence (ITS1F+ITS4) BLAST hit Identity/E-value
IBWF 00321 T e e e Paagilomyces marquandii 95.77%/ 0.0

T ATTACAG nencas

easTGGeCaCORCETOE

Table S. 5: Predicted gene sequences of P. marquandii nrPKS and accessory genes. Predicted Introns are
underlined

Gene Predicted gene sequence

Wm

stpB Sqacas 4‘ < e

tgatictoactag

stpC
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acagettag

StoD Fegectect

PKS1

tagagetaactgtticticag

Trgctgtrgecgetcgtorag

gtasge

gtigtoagcatatyagcaag:

geatqr

atattgcrracacaacaga

PKS2  rimcaiccasysageics B

gtasagttcgtcacaaagaatactatccacttcag
gaccccaagggeggreacggetatigtaatageat

ctggeagagttoctcgecaggetatggettag

PKS4  oscaceyccscagacyicagccatagsaa 7

gttagtccogctacttccagaca

tagtagetggttocaccactogectactoctocaatsgratcaaataatatictaacttage: a

gtstgtigecgecgergecagit

agtageragtte trgca
gticcaagtcaacatccagottigticoctlogetatagaggoggactcaccgegticaggacqagat!

g caccaattocgeccatggteactaacaagaccaacatag
get at1gaacqtlacclcaccat ticatgecceocatetatt

togtegetgtttacgaaggegtgaaggtaagocasgectytoacatoctooticoatacctyttact tacctaccacttag
Cagteaggegtgtegeaagectctocaatctoaatyagaatgteagaeagagtegtetcttoaacyggtecgacgcaccya

tggggacacgacaactytctytcaagaf

PKSB  tosscaasatatttrsccacyicttiggogactgccaciytoasaastatoatetat tmacasatat icaytaagcageastetyoEatttygcyacagectioatags

ttgatgacgctoateacttcagtctgatggaagatgagagaaggacgasacggotioggantticattattgeettittatag
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aagecctaa

PKS6

aaggtttaaatgccastaatotaggcasgiga

Table S. 6: Predicted protein sequences of P. marquandii nrPKS and accessory proteins.

Gene
StpA

PKS2

PKS4

PKS5

PKS6

Predicted protein sequence

MYDTVGTANADGTPARLYY FGNEE PRDDLSDLFRALEQRSKDRRERLLSAF LDEVI LVLQOEFAKL PRAVRSQVPRE DNIVILSENGE LRELGLGAAMESAF LLTLOVGLE IGARBAKDQELNL PKG2 THLAGLGVGLE TGASVALSTSLAEVVANAREL LRVSFRL
GUYI NEELGSHATSKL PLEVYDG: X

YLDKVTD
! 1 IDRPGET
: ALWAGEI NIITOPDNYCGL LGVVTARRTNH
1 1 IKMLLCFEKSLI?PHVGIKTEINERT LLEDPSE
c: QANT KELR: 1BENI 2SVVE; TS0L:
w LCTP! PYLSTML
1 1QuPEF QPDVREVEMNT THGAYQPLAL

IDSVCH]
TAAPAPVKAAPAPAPAPKPAPKAAPLVOTRETASYSDSLSSSSTLSSSEASPMGNTTPQTGNTTRQTGNV TPRMESLDTY
TogsR:

VA IRSPAAPVLIIGAGLSGLAAGRI LANEGVPT IVFEESSPELGESTAMGLRDNCYQPLL:

ZGGVSLKSHIKAVAPDRAVGGSGLVDE CHRDNATGN LV T TP DOKRPVV T RANANAVRANLADCGDDDL DVRY HHKLASVSGTLGN TAVFENGAQYNGCLE TAA.

L TKPRTNGSNVLSG:
MPVFSGEGGNHGYLDSVELAMATVEKDSLEQAT SAY Y DCARHRYEEAVKRSK TR FWLHRUABNQEV SEKRKMARERVAKAGTVTA

NPEPASTATARSKPRAKARASARAKE STRTRRFRYDRAVLGTVSTIANGCPTSRYTLEOY AN GENAL DI GIATGTYLRRGGTPLTTHT TUADILEPL
ASIVGKGVRVDNKFAARMRGKLLAAG] FQNKEDS PFDEEKALRONFHEVEVRVVGTY
‘NAYTSHVLLFPHENTALLEATADLSVARRTRPKLATFLDKASRVLAREVVALTR BTR LSOKPVOTEEF T
SRV TAQILEDAT 2 RPLYSGHTT a0 E
s CSTLERHGONT s TRERC oD
» KSTLMLRENTT T ® T
e = ILDVI;
— PTYAF s VDGVAT
PASTFMDM 6L IRL
HCDSAAELGSFTCNPFAIDALVHIAGELL R RDFFAIL
T HEL TNEPTS ) ESERPT
2ACAE PIIPT PFLESPETRDLSIQEMASTFIRTIRRE ILe
P e1 stE s
LNTDLTETHVAVGCDIAYTT
MGEEGSLILFGDQTFDAERR TROFLE TRVeT TSTEDL BMAVICTYOL z
HRKTDL TAT 5 2 TSN
& PPHVGIKTK EZAPSPTH TSAKTGPSL
TRV TFRET 5 PSIIPVYMASEDQAL GE
S LGDAGIKTTKLKIPYAFESSQIDPT LDGTLVITDGT
T P T PLCTP
o RETDRSLLLDKLQKESAST
v FDGETIVAAF 11A0E
eP" ™ TASST FLODIVIDGYL
D3PPP: N 17263255
T FLLSVIRSARr FSARSTCT oS
SVEEMLSMFAESRGET: LGEKPSY NLT
C LAATLANAFTIQLDI: R 1 L
VGVE! NASQNVDTYET] GINILTNEN. TRPHEGDY
FIET IGMGRY NELAESCGFLSFIGLI LG
NTAQRDGLFGARATHI LGPEEEVLITLKEKVELSK KEDATEAPIRYKYISE: 1
DEDLLEVLHGHAVNGAFL L1 T KANTYLVTSRLKAL FASL
GDVEVLDDDRIVAVYEC =S
: TIADIGIDSLL
SAHIPSTLILGCETLLDIE L 1 L 1 LoGHS
TOQAATSLQSEVISSKYPQUAPTSPENTT T 7 T 7 T T NENGR
P i) P! ™ THQYLSQRFL
o 8 \YEF: v . Ln v
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IETST F TcrEm
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VHEELEINIRPQAF z L
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L IHPFLDFPSFLS PLLARFX e o
F INRPGE
TTGGIRAFGEGRI oL ILTSPDLFSGL 1THPRAE
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cessL 1 KRSHI
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Analytical data
2,4-Dihydroxy-6-methylbenzoic acid (Orsellinic acid) (2)

5
HO_A6_CH3
3 {__OH
2
OH O

Rr0.12 (DCM/MeOH, 95:5).

IR (ATR): 7 [cm™'] 3543, 2648, 1615, 1495, 1455, 1353, 1254, 1211, 1171, 995, 891, 825, 796, 728,
624, 582, 471.

H NMR, COSY (600 MHz, DMSO-ds) &+ 13.43 (sbr, 1H, OH), 12.12 (sor, 1H, OH), 10.15 (s, 1H, OH),
6.17 (dd, J = 2.5, 0.7 Hz, 1H, 5-CH), 6.1 (d, J = 2.5 Hz, 1H, 3-CH), 2.39 (s, 3H, 1-CHs).

13C NMR, HSQC, HMBC (151 MHz, DMSO-ds) 8¢ 173.3 (1C, 1-COOH), 164.5 (1C, 2-Cy), 162.0 (1C,
4-Cy), 142.9 (1C, 1-Cy), 111.0 (1C, 5-CH), 104.8 (1C, 6-Cy), 100.5 (1C, 3-CH), 23.5 (1C, 6-CHs).

HRMS (ESI) m/z: [M—H]- Calcd for CeH7O4 167.0350; Found 167.0354.

The analytical data are in accordance with the literature [7].

6,8-Dihydroxy-3-methyl-1H-isochromen-1-one (Saccharonol A) (7)

5 4
HOE 4a \3 CHj
7 8 8a : 02
OH O

Rf0.51 (DCM/MeOH, 95:5).

IR (ATR): 7 [cm~'] 3254, 3079, 1680, 1644, 1622, 1573, 1506, 1482, 1383, 1360, 1253, 1236, 1182,
1154, 1106, 1071, 694, 864, 833, 790, 716, 689, 621, 549, 529, 434, 415.

H NMR, COSY (600 MHz, DMSO-ds) n 10.95 (sor, 1H, 8-OH), 10.85 (sbr, 1H, 6-OH), 6.47 (d, J =
1.0 Hz, 1H, 4-CH), 6.33 (d, J = 2.2 Hz, 1H, 5-CH), 6.30 (d, J = 2.2 Hz, 1H, 7-CH), 2.20 (d, J = 1.0 H
3H, 3-CHs).

13C NMR, HSQC, HMBC (151 MHz, DMSO-ds) &c 165.7 (1C, 6-Cq), 165.5 (1C, 1-COO), 162.7 (1C,
8-Cy), 154.2 (1C, 3-Cq), 139.8 (1C, 4a-Cq), 104.3 (1C, 4-CH), 102.4 (1C, 5-CH), 101.4 (1C, 7-CH), 97.9
(1C, 8a-Cy), 18.9 (1C, 3-CHa).

HRMS (ESI) m/z: [M+H]* Calcd for C10H9O4 215.0855; Found 215.0877.

The analytical data are in accordance with the literature [8].
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6,8-Dihydroxy-3-(2-oxopropyl)-1H-isochromen-1-one (4)

5 4 1 3
HOE A AAZ-CHa

1
7883 O, O

OH O

R 0.44 (DCM/MeOH, 95:5).

IR (ATR): 7 [cm™"] 3357, 3209, 1714, 1687, 1651, 1609, 1582, 1459, 1411, 1357, 1323, 1287, 1203,
1150, 1059, 1024, 964, 868, 795, 660, 575, 521, 467, 456, 418.

"H NMR, COSY (600 MHz, DMSO-ds) ox 10.91 (sbr, 2H, 8-OH, 6-OH), 6.56 (s, 1H, 4-CH), 6.39 (d, J =
2.2 Hz, 1H, 5-CH), 6.34 (d, J = 2.2 Hz, 1H, 7-CH), 3.77 (s, 2H, 1'-CH>), 2.20 (d, J = 1.0 Hz, 3H, 3-CHa).

13C NMR, HSQC, HMBC (151 MHz, DMSO-ds) 5c 203.4 (1C, 2--CO), 165.8 (1C, 6-Cq), 165.2 (1C,
1-CO0), 162.7 (1C, 8-Cy), 151.2 (1C, 3-Cq), 139.2 (1C, 4a-Cy), 106.9 (1C, 4-CH), 103.0 (1C, 5-CH),
101.9 (1C, 7-CH), 98.1 (1C, 8a-Cy), 47.0 (1C, 1-CHz), 29.8 (1C, 3'-CHa).

HRMS (ESI) m/z: [M+H]* Calcd for C12H1105 235.0601; Found 235.0603.

The analytical data are in accordance with the literature [9].

(5)-6,8-Dihydroxy-3-(2-hydroxypropyl)-1H-isochromen-1-one ((+)-Orthosporin) (5)

f 3
HOS A 4\3 ; f‘CHa
QNN 0, OH

OH O
[a]ZD1 +42.2 (¢ 0.23, MeOH).

Rf0.34 (DCM/MeOH, 95:5).

IR (ATR): 7 [cm~"] 3460, 3064, 2979, 1678, 1644, 1633, 1575, 1495, 1397, 1283, 1267, 1226, 1173,
1149, 1115, 1065, 1047, 1007, 936, 841, 794, 757, 688, 546, 487 .

"HNMR, COSY (600 MHz, DMSO-de) 61 10.99 (s, 1H, 8-OH), 10.85 (sur, 1H, 6-OH), 6.48 (s, 1H, 4-CH),
6.36 (d, J = 2.2 Hz, 1H, 5-CH), 6.30 (d, J = 2.2 Hz, 1H, 7-CH), 4.82 (d, J = 4.9 Hz, 1H, 2'-OH), 4.01-
3.92 (m, 1H, 2-CH), 2.53 (dd, J = 14.4, 5.3 Hz, 1H, 1*-CH2-a), 2.47 (dd, J = 14.4, 7.7 Hz, 1H, 1-CH--s),
1.13 (d, J= 6.2 Hz, 3H, 3'-CHa).

13C NMR, HSQC, HMBC (151 MHz, DMSO-ds) &c 165.7 (1C, 1-COO), 165.6 (1C, 6-Cg), 162.7 (1C,
8-Ca), 155.4 (1C, 3-Cq), 139.7 (1C, 4a-Cy), 105.4 (1C, 4-CH), 102.6 (1C, 5-CH), 101.4 (1C, 7-CH), 98.2
(1C, 8a-Cq), 64.0 (1C, 2'-CH), 42.7 (1C, 1-CHz), 23.4 (1C, 3-CHa).

HRMS (ESI) m/z: [M—H]- Calcd for C12H1105 235.0612; Found 235.0620.

The analytical data are in accordance with the literature [10]. The absolute configuration was determined
by comparison of the specific rotation with literature data [9].
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(R)-6,8-Dihydroxy-3-(2-hydroxy-4-oxopentyl)-1 H-isochromen-1-one

((+)-Citreoisocoumarin) (6)

[a]3' +91.6 (c 0.06, MeOH).
Rr0.37 (DCM/MeOH, 95:5).

IR (ATR): 7 [cm~"] 3165, 2923, 1680, 1622, 1578, 1509, 1462, 1361, 1282, 1238, 1169, 1064, 1025,
987, 669, 852, 798, 716, 694, 649, 619, 595, 574, 548, 531, 504.

H NMR, COSY (600 MHz, DMSO-ds) 81 10.99 (sbr, 2H, 8-OH, 6-OH), 6.48 (s, 1H, 4-CH), 6.35 (d,
J=22Hz, 1H, 5-CH), 6.30 (d, J = 2.2 Hz, 1H, 7-CH), 5.04 (sor, 1H, 2'-OH), 4.31—4.22 (m, 1H, 2--CH),
2.62-2.52 (m, 3H, 3-CHa, 1-CHa-), 2.49-2.45 (m, 1H, 1-CHz-8), 2.10 (s, 3H, 5-CHs).

13C NMR, HSQC, HMBC (151 MHz, DMSO-ds) &c 207.3 (1C, 4'-CO), 165.9 (1C, 6-Cq), 165.6 (1C,
1-CO0), 162.7 (1C, 8-Cy), 154.6 (1C, 3-Cy), 139.6 (1C, 4a-Cy), 105.8 (1C, 4-CH), 102.7 (1C, 5-CH),
101.5 (1C, 7-CH), 98.1 (1C, 8a-Ca), 64.6 (1C, 2--CH), 50.4 (1C, 3-CHz), 41.0 (1C, 1"-CHz), 30.6 (1C,
5'-CHa).

HRMS (ESI) miz: [M~H]- Calcd for C1aH130s 277.0718; Found 277.0720.

The analytical data are in accordance with the literature [11].

7,9,10-Trihydroxy-3-methyl-1H-benzo[g]isochromen-1-one (nor-Toralactone) (3)

HO765544SCH
I
8993 103102

10
OH OH O

Rf0.42 (DCM/MeOH, 95:5).

IR (ATR): 7 [cm~'] 3017, 3009, 1679, 1642, 1581, 1511, 1366, 1348, 1285, 1234, 1156, 1103, 1019,
1001, 960, 870, 835, 775, 660, 629, 575, 522, 417.

H NMR, COSY (600 MHz, DMSO-ds) 81 12.92 (str, 1H, OH), 10.27 (s, 1H, 7-OH), 10.22 (sbr, 1H, OH),
6.96 (s, 1H, 5-CH), 6.56 (d, J = 1.8 Hz, 1H, 6-CH), 6.43 (s, 1H, 4-CH), 6.39 (d, J = 1.8 Hz, 1H, 8-CH),
2.20 (s, 3H, 3-CH).

13C NMR, HSQC, HMBC (151 MHz, DMSO-ds) &¢ 166.7 (1C, 1-CO0), 162.9 (1C, 10-Cq), 160.9 (1C,
7-Cq), 158.6 (1C, 9-Cy), 152.3 (1C, 3-Cy), 141.7 (1C, 5a-Cy), 131.8 (1C, 4a-Cy), 111.0 (1C, 5-CH), 107.1
(1C, 9a-Cq), 104.2 (1C, 4-CH), 101.6 (1C, 8-CH), 101.3 (1C, 6-CH), 96.7 (1C, 10a-Cq), 18.9 (1C, 3-CHa).

HRMS (ESI) m/z: [M—H]- Calcd for C14HeOs 257.0455; Found 257.0459.

The analytical data are in accordance with the literature [12].
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1,3,8,10,11-Pentahydroxytetracene-5,12-dione (Saintopin) (1)

Rf0.29 (nHex/EtOAc/MeOH/AcOH, 5:5:0.5:0.1).
IR (ATR): 7 [cm~] 3409, 2924, 2853, 1593, 1383, 1352, 1200, 1110, 768, 619.

H NMR, COSY (600 MHz, DMF-d7) & 15.17 (s, 1H, 11-OH), 7.45 (s, 1H, 6-H), 7.13 (d, J = 2.4 Hz, 1H,
4-H), 6.56 (d, J = 2.4 Hz, 1H, 2-H), 6.55 (d, J = 2.3 Hz, 1H, 7-H), 6.22 (d, J = 2.3 Hz, 1H, 9-H).

13C NMR, HSQC, HMBC (151 MHz, DMF-d7) 5 183.9 (5-C), 183.2 (12-C), 178.8 (11-C), 166.5 (10-C),
165.4 (1-C), 162.6 (3-C), 161.3 (8-C), 138.7 (6a-C), 135.8 (4a-C), 132.3 (5a-C), 115.7 (6-C), 115.1 (10a-
C), 112.4 (12a-C), 108.1 (2-C), 107.2 (11a-C), 104.9 (4-C), 103.1 (7-C), 101.4 (9-C).

HRMS (ESI) m/z: [M+H]* Calcd for C1gH11O7 339.0499; Found 339.0508.

OH OH O OH

= COSY
—» NOESY

— HMBC

Due to the very poor solubility of saintopin, we additionally recorded NMR spectra after per-acetylation,
which increased solubility and the resulting data further validates the conclusions drawn. Therefore,
saintopin (3.5 mg) was suspended in DCM (1 mL) and pyridine (1 mL). Acetic anhydride (0.5 mL) was
added and the mixture was stirred at room temperature for 3 h. The solution gradually turned from red
to yellow. The reaction was quenched by addition of aqueous NaHCOs3; solution. The mixture was
extracted twice with DCM and the organic layers were dried over MgSO4 and the solvent was removed
under reduced pressure. The crude was purified by flash column chromatography (silica, DCM/EtOAc
19:1) to yield 1.4 mg of saintopin pentaacetate as a yellow solid.

Rf0.62 (DCM/EtOAc, 9:1).
IR (ATR): ¥ [cm~"] 2925, 1771, 1680, 1619, 1600, 1372, 1312, 1191, 1144, 1066, 1023, 908.

H NMR, COSY (600 MHz, CDCls) 5 8.71 (s, 1H, 6-H), 8.01 (d, J = 2.4 Hz, 1H, 4-H), 7.80 (d, J = 2.3 Hz,
1H, 7-H), 7.28 (d, J = 2.4 Hz, 1H, 2-H), 7.21 (d, J = 2.2 Hz, 1H, 9-H), 2.56 (s, 3H, Ac), 2.46 (s, 3H, Ac),
2.44 (s, 3H, Ac), 2.37 (s, 3H, Ac), 2.37 (s, 3H, Ac).

13C NMR, HSQC, HMBC (151 MHz, CDCl3) & 180.8 (5-C), 179.7 (12-C), 169.1 (Ac-CO), 169.0 (Ac-CO),
168.8 (Ac-CO), 168.3 (Ac-CO), 168.0 (Ac-CO), 154.7 (3-C), 151.6 (1-C), 150.8 (8-C), 148.2 (10-C),
147.8 (11-C), 137.4 (6a-C), 136.1 (4a-C), 130.1 (5a-C), 127.7 (6-C), 124.5 (12a-C), 123.7 (2-C), 122.7
(10a-C), 120.8 (11a-C), 120.3 (9-C), 119.4 (7-C), 118.4 (4-C), 21.4 (CHs), 21.2 (CHs), 21.2 (CHz), 21.1
(CHa), 21.1 (CH).

LRMS (ESI) m/z (%): 489.1 (100) [M-OAc]*, 571.0 (23) [M+Na]*.
HRMS (ESI) m/z: [M+Na]* Calcd for [C2sH20NaO12]* 571.0847; Found 571.0853.
13
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TH- and 3C{'H}-NMR spectra
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Spectrum S. 1: 'H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of Orsellinic acid.
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Spectrum S. 2: 8C{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of Orsellinic acid.
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Spectrum S. 3: "H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of Saccharonol A.
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Spectrum S. 4: 3C{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of Saccharonol A.
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Spectrum S. 5: "H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of 6,8-Dihydroxy-3-(2-oxopropyl)-1H-
isochromen-1-one.
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Spectrum S. 6: BC{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of of 6,8-Dihydroxy-3-(2-
oxopropyl)-1H-isochromen-1-one.
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Spectrum S. 8: 8C{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of (+)-Orthosporin.
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Spectrum S. 9: "H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of (+)-Citreoisocoumarin.
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Spectrum S. 10: 3C{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of (+)-Citreoisocoumarin.
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Spectrum S. 11: 'H-NMR spectrum (DMSO-ds, 600 MHz, 294 K) of nor-Toralactone.
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Spectrum S. 12: 3C{'H}-NMR spectrum (DMSO-ds, 151 MHz, 294 K) of nor-Toralactone.
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Spectrum S. 13: 'H-NMR spectrum (DMF-d7, 600 MHz, 294 K) of Saintopin.
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Spectrum S. 14: 3C{'H}-NMR spectrum (DMF-d7, 151 MHz, 294 K) of Saintopin.
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Spectrum S. 15: 'H-NMR spectrum (CDCls, 600 MHz, 294 K) of saintopin pentaacetate.
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Spectrum S. 16: 3C{'"H}-NMR spectrum (CDCls, 151 MHz, 294 K) of saintopin pentaacetate.
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